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INTRODUCTION 

With t h e  growing energy shortages fac ing  many count r ies  today 

and p a r t i c u l a r l y  Canada and the U.S.A., i t  is imperat ive t h a t  we i n  

Canada focus our a t t e n t i o n  on new p o t e n t i a l  reserves  f o r  a l t e r n a t e  

energy suppl ies .  There a r e  many poss ib le  sources  a v a i l a b l e  but  the  

Alberta  O i l  Sands a r e  probably the n e a r e s t  t o  being ready f o r  commercial 

development, thanks t o  a l o t  of hard work by a l o t  of very dedicated 

people l i k e  Dr .  Karl A. Clark and companies wi th  g r e a t  determinat ion 

and f o r e s i g h t  l i k e  Great  Canadian O i l  Sands Limited and Syncrude Canada. 

Limited. 

RESERVES AND RECOVERIES 

The o i l  sands depos i t s  have been known f o r  c e n t u r i e s  and have 

i n t e r e s t e d  the  wh i t e  man from the  days of the e a r l i e s t  f u r  t r a d e r s  and 

explorers .  

n ine teen  thousand (19,000) square m i l e s  and conta in  approximately one 

t r i l l i o n  b a r r e l s  of in-place o i l  and a r e  one of the worlds l a r g e s t  

resources  of hydrozarbons. The l a r g e s t  accumulation, the Athabasca 

depos i t ,  outcrops along the  Athabasca Biver and extends down-dip to  

t h e  south and w e s t  t o  an overburden depth of about  two thousand (2,000) 

fee t .  The o t h e r  Alberta  depos i t s ,  Peace River, Wabasca and Cold Lake 

a r e  smalber i n  s i z e  and toge ther  conta in  about  one ha l f  the amount of 

oil in the  Athabasca deposi t .  S m a l l  s e c t i o n s  of the Athabasca depos i t  

only a r e  s u i t a b l e  f o r  open-pit recovery methods, but  p o t e n t i a l  recover- 

ab le  s y n t h e t i c  crude o i l  from these mineable s e c t i o n s  amounts to  26.5 

In t o t a l  the four major depos i t s  cover an a rea  of over 
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b i l l i o n  b a r r e l s .  This  i s  small i n  comparison to  t h e  t o t a l  p o t e n t i a l  

recovery from t h e  e n t i r e  d e p o s i t s  b u t  s t i l l  some 3 - 4 times t h e  amount 

of t h e  p r e s e n t  t o t a l  Canadian convent ional  c rude  o i l  reserves .  Poss ib le  

in-s i tu  recover ies  from t h e  t a r  sands t o t a l  250 b i l l i o n  b a r r e l s  o r  more 

and could  l a s t  Canada f o r  hundreds of years  a t  p r e s e n t  r a t e  of consump- 

tion. 

THE CHALLENGE 

With such an i n c e n t i v e  a s  an assured supply of energy we can 

a f f o r d  to  spend e x t r a  time and e f f o r t  i n  o r d e r  toachiewe the requi red  

product ion to  r e l i e v e  the impending shortage. The cha l lenge  i s  to  

develop the  technology to  produce enough o i l  a t  a reasonable  market 

va lue  and a t  t h e  same t i m e  conserve t h e  environment. This  r e q u i r e s  devel- 

opment of more s o p h i s t i c a t e d  mining and e x t r a c t i o n  procedures ,  developing 

and proving up i n - s i t u  techniques and opt imizing upgrading processes  to  

give maximum y i e l d s  of usable  product from the bitumen recovered. 

TAR SANDS PROPERTIES AND RESEVOIR CHARACTERISTIC?- 

The Alber ta  d e p o s i t s  have been eva lua ted  by the  d r i l l i n g  of over 

4000 wel ls ,  by ex tens ive  l a b o r a t o r y  and f i e l d  experimental  work d i rec ted  

towards development of both mining and i n - s i t u  methods and by the work a t  

The Grea t  Canadian O i l  Sands Limited mining p r o j e c t  on a c o m e r c i a l  scale .  

The o i l  sands a r e  composed of a s e r i e s  of q u a r t z  sand d e p o s i t s  impregnated 

with vary ing  amounts of a heavy, h ighly  v iscous  bitumen. The sands a r e  

deposi ted on a n  i r r e g u l a r  s u r f a c e  of l imestone or  s h a l e  and a r e  genera l ly  

o v e r l a i n  with overburden, vary ing  i n  th ickness  from zero  to  two thousand 

fee t .  

5 or more weight  percent  su lphur  and i s  r e l a t i v e l y  h igh  i n  metals. The 

d e p o s i t  i s  h ighly  compacted and temperature w i t h i n  t h e  o r e  body remains 

f a i r l y  cons tan t  a t  about  6" C. A t  t h i s  temperature t h e  bitumen has a 

v i s c o s i t y  so h i g h  t h a t  it is  immobile. 

The bitumen has  an API g r a v i t y  of about  7 degrees  and conta ins  

R e l a t i v e l y  l i t t l e  i s  known of the 
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phys ica l  c h a r a c t e r i s t i c s  and behaviour of t h e  o r e  body and much work 

m u s t  be done t o  determine more of the c h a r a c t e r i s t i c s  and p r o p e r t i e s  i n  

order  to improve on mining technizues and develop v i a b l e  i n - s i t u  processes. 

OPEN PIT M I N I N G  

The only c u r r e n t  c o m e r c i a l  product ion from the o i l  sands i s  

from t h e  Grea t  Canadian O i l  Sands p l a n t  n o r t h  of Fort McMurray i n  the  

Athabasca depos i t ,  where y i e l d s  have been running about 50,000 B.P.D. 

during the  p a s t  s e v e r a l  years .  Syncrude Canada Limited i s  bui ld ing  a 

p l a n t  wi th  platlned product ion capac i ty  of 100,000 B.P.D. by L h e $ e a r l y  

1980's. 

remaining overburden before  mining the t a r  sand f o r  t ranspora t ion  t o  

the  e x t r a c t i o n  p l a n t  f o r  bitumen recovery. The bitumen r e q u i r e s  desul-  

phurizing and upgrading. before  i t  i s  s u i t a b l e  f o r  p i p e l i n e  shipment a s  

r e f i n e r y  feed  stock. The b a s i c  procedures i n  both p l a n t s  a r e  s i m i l a r  

and vary  i n  opera t ing  d e t a i l  only. 

Both opera t ions  r e q u i r e  removal of t r e e  growth, muskeg and 

Both opera t ions  face  or w i l l  f a c e  s e v e r a l  major problems which 

r e q u i r e  so lv ing  before  i t  can be s a i d  t h a t  t h e  open p i t  mining method is 

completely successfu l .  

The s ludge problem wi th  i t s  high a t t e n d e n t  c o s t  of overburden 

removal and dyke b u i l d i n g  remains the g r e a t e s t  s i n g l e  obs tac le  t o  the 

success  of the  Great  Canadian O i l  Sands opera t ion .  Sludge accumulation 

and build-up r e q u i r e s  the  cons t ruc t ion  of hugh r e t a i n i n g  b a s i n s  which 

a r e  cons t ruc ted  from s e l e c t e d  s u i t a b l e  por t ions  of t h e  overburden 

layers .  This  r e q u i r e s  t h e  s p e c i a l  handl ing,  t r a n s p o r t a t i o n ,  spreading 

and compaction of huge volumes of t h i s  m a t e r i a l  y e a r l y  which adds t o  

t h e  c o s t s  and does n o t  g i v e  a f i n a l  s o l u t i o n  t o  the  problem. The 

obvious answer of course,  is t o  discover  a s imple inexpensive method 

f o r  breaking t h i s  "emulsion" of c lay ,  water ,  bitumen and r e s i d u a l  caus t ic .  

Upgrading and desulphurizing r e q u i r e  high c o s t  c a p i t a l  equipment 

which i s  r e l a t i v e l y  expensive to  operate .  Yie lds  from t h e  c u r r e n t  up- 
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grading opera t ion  a r e  r e l a t i v e l y  low a t  767.. Coke product ion is about 

twenty-eight  percent  and o n l y  a por t ion  i s  burned a s  f u e l  and t h e  r e s t  

s tockpi led.  Syncrude Canada Limited w i l l  i n s t a l l  upgrading f a c i l i t i e s  

t h a t  w i l l  improve the  l i q u i d  product y i e l d  but  coke product ion w i l l  be 

s tockpi led  because of i t s  h igh  sulphur  content .  

i n g  processes  a r e  requi red  t h a t  w i l l  g ive higher  l i q u i d  y i e l d s  from the 

recovered bitumen and produce a balanced s l a t e  of products  which 

1007. of the  bitumen b a r r e l .  Stockpil-ing of coke can, a t  b e s t ,  be  only 

a temporary measure u n t i l  such times a s  we l e a r n  how t o  take  f u l l  

advantage of production. Both p r o j e c t s  make use of s i z e a b l e  volumes 

of n a t u r a l  gas  f o r  the  product ion of hydrogen which i s  used i n  t h e  

upgrading processes .  Government a u t h o r i t i e s  have i n d i c a t e d  t h a t  the  

u s e  of n a t u r a l  gas  f o r  such purposes i n  t h e  f u t u r e  w i l l  be  r e s t r i c t e d  

and o ther  sources  of raw m a t e r i a l  (coke) must be u t i l i z e d  f o r  hydrogen 

product  ion. 

Improved or  new upgrad- 

u t i l i z e s  

IN-SITU 

Many experimental  p r o j e c t s  have been conducted i n  the  i n - s i t u  

mode of opera t ion  i n  most a r e a s  of the  o i l  sands d e p o s i t s  with varying 

r e s u l t s .  One developer h a s  a long s tanding p r o j e c t  i n  opera t ion  i n  

t h e  Cold Lake d e p o s i t  which i s  showing s i g n s  of success ,  a l though 

recoveries. repor ted  a r e  a s  l o w  a s  77.. This  may be s a t i s f a c t o r y  f o r  

i n i t i a l  p i l o t  work b u t  f o r  long range opera t ion  t h i s  w i l l  n o t  s a t i s f y  

t h e  conservat ion a u t h o r i t i e s .  Other p i l o t  p r o j e c t s  have been c a r r i e d  

o u t  and c la im b e t t e r  r e c o v e r i e s  bu t  these have n o t  had t h e  advantage 

of long term and s u s t a i n e d  production. Up t o  t h i s  p o i n t  there  a r e  no 

p r o j e c t s  t h a t  can be c k a s s i f i e d  a s  commercial or even semi-commercial 

b u t  s e v e r a l  claim an o p t i m i s t i c  outlook f o r  the fu ture .  To a l a r g e  

e x t e n t  these  p i l o t  p r o j e c t s  have been conducted i n  s e c r e t  and t h e r e  

appears  t o  be a measure of  dupl ica t ion  from p r o j e c t  to  pro jec t .  The 

p r o j e c t s  a l l  u t i l i z e  some means t o  mobil ize  the  o i l  by reducing the 

v i s c o s i t y .  In t roduct ion  of h e a t  by i n j e c t i o n  of steam o r  hot  gasses  
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or by partial combustion of the bitumen in place are the major processes 

involved. 

has the shortcoming of major solvent losses in the process. 

pilots employ a combination of two or more methods and show some 

promise for the future. 

Some utilize a solvent method for recovery but usually this 

Other 

THE ENVIRONMENT AND AOSERP 

One of the major concerns in any process that may be utilized 

in developing this huge resource is the effect on the environment. 

Mining processes disburb large areas that must be rehabilitated and 

restored to acceptable condition. In-situ also disturbs some land 

area but considerably less than mining processes, nonetheless restor- 

ation must be considered. Both methods run the risk of water contamin- 

ation and provisions must be made to assure that pollution is minimized. 

Upgrading operations from both methods can produce air pollution 

through sulphur and particulates emissions to the atmosphere and require 

an enormous :mount of work so that new plrnts can remain within the 
strict Alberta standards. 

One major problem facing environmental authorities has always 

been in setting realistic and meaningful standards. There has never 

been sufficient base data on which standards could be set. The 

Canadian Federal and Alberta Provincial Governments have combined in 

setting up a research program "directed to the practical solution of 

environmental problems resulting from oil sands development, and to the 

provision of scientific data for the use of government, industry and 

the public". The program will develop a comprehensive data base and 

background information for the formulation of an acceptable environmental 

program. 
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DEVELOPING THE TECHNOLOGY 

The Alberta Government has set up the "Alberta Oil Sands 
Technology and Research Authority" to develop the technology needed 
to establish a comercial in-situ method of oil sands recovery in 
Alberta. In addition it has been charged with the responsibility to 
investigate means to improve the surface mining technology particularly 
those having potential for reducing capital costs, for increasing the 
efficiency of separation and upgrading, o r  having improved environmental 
features. Methods for underground mining will also be investigated. 

Since open pit mining and upgrading procedures have been 
developed and are in a relatively advanced stage, priority is being 
given to in-situ technology development. Applications have been re- 
ceived for funding in all areas of potential development and all are 
being considered. The in-situ applications have been reviewed and 
several have been selected for approval pending the successful negotia- 
tions with the applicant. The approved projects will be funded gener- 
ally on a 50:50 basis with AOSTRA and industry being equal partners 
but with the Authority retaining the ownership of the technology 
developed. 

Such a program should speed up the development of the in-situ 
technology and know-how, it should avoid wide spread duplication of 
effort and minimize overexpenditure of dollars and make available the 
technology at a reasonable cost for major tar sand development in 
in-situ areas. 

Other technological developments in underground mining, up- 
grading, improvements in surface mining processes and environmental 
areas are being considered as time permits. 
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THE FUTURE 

The development of the tar sand industry is only beginning 
and we are only now realizing the number of problems and the magnitude 
of these problems to be overcome before we can say that we have a 
viable tar sands industry. The Federal and Provincial Governments are 
beginning to realize that this is a challenge worth facing and are 
beginning to show more active support. 
to develop the needed technology but it has been a slow process. With 
combined government/industry effort progress should be more quickly 
achieved and some of our problems solved. 

Industry has been attempting 
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CHEMISTRY FOR TAR SANDS DEVELOPMENT 

ROBERT SCHUTTE 

SYNCRUDE RESEARCH, P.O. BOX 5790 
EDMONTON, ALBERTA T6C 4G3 

I would l i k e  t o  s u g g e s t  some p o s s i b l e  r e s e a r c h  p r o j e c t s  t h a t  would 
b e  o f  b e n e f i t  t o  t h e  o i l  sand  i n d u s t r y  as a whole. The Research 
Department o f  my company is f u l l y  occupied  w i t h  e f f o r t s  t o  e n s u r e  
t h a t  t h e  p l a n t  c u r r e n t l y  under  c o n s t r u c t i o n  (and scheduled  t o  s t a r t  
product ion  i n  March 1978)  w i l l  o p e r a t e  s a t i s f a c t o r i l y .  T h i s  t a k e s  
u s  i n t o  s t u d i e s  o f  t h e  geology of  t h e  f o r m a t i o n ,  e s p e c i a l l y  hydro- 
geology;  e x t r a c t i o n ;  t a i l i n g s  management; a n a l y t i c a l  r e s e a r c h :  and 
upgrading.  N a t u r a l l y  w e  are  a c u t e l y  aware o f  t h e  costs o f  o i l  
sand  development. And w e  are o f t e n  reminded t h a t  knowledge spec- 
i f i c a l l y  f o r  a p p l i c a t i o n  t o  t h e  h i g h  cost areas o f  o i l  sands  
development h a s  never  been a c q u i r e d .  

T o t a l  inves tment  i n  t h e  Syncrude p r o j e c t  f o r  o b t a i n i n g  s y n t h e t i c  
c r u d e  o i l  f r o m  t h e  tar  s a n d s  o f  n o r t h e r n  A l b e r t a  w i l l  be  $2.048 
b i l l i o n  f o r  i n i t i a l  p r o d u c t i o n  of 105M bbld/d.  C o n s t r u c t i o n  i s  
more than  60% complete  (Feb. 1 9 7 7 ) .  As ide  from h o t  w a t e r  e x t r a c t i o n  
procedures  t h a t  w e  have developed  i n d e p e n d e n t l y ,  o u r  technology h a s  
been adapted  from practices f o l l o w e d  i n  e s t a b l i s h e d  i n d u s t r i e s .  
Cons ider ing  t h e  i n v e s t m e n t  r e q u i r e d  t h i s  i s  n o t  a good r o u t e  t o  
f o l l o w  i n  t h e  long  run .  O i l  s a n d s  i s  c a p a b l e  o f  b e i n g  such  a b i g  
i n d u s t r y  t h a t  r e s e a r c h  e f f o r t  devoted t o  i t s  p a r t i c u l a r  problems 
i s  overdue. Syncrude a l o n e  w i l l  have one o f  t h e  w o r l d ' s  b i g g e s t  
mines removing 92 MM tons t a r  sand and 45 MM t o n s  overburden p e r  
y e a r .  Our u t i l i t i e s  p l a n t  is des igned  f o r  260 MW. Y e t  i n  s p i t e  of 
scale and t h e  r i s i n g  p r i c e  of  c o n v e n t i o n a l  c r u d e ,  o i l  s a n d  economics 
are s t i l l  margina l .  Research d e l i b e r a t e l y  devoted  t o  o i l  sands  
problems c o u l d  l e a d  t o  n e w  equipment and p r o c e s s  s t e p s  t h a t  would 
improve t h e  economic o u t l o o k  fo r  t h e  development o f  o i l  sand .  
Mining and e x t r a c t i o n  w i l l  be  employed f o r  working t h e  t o p  200 f e e t  
or so of t h e  d e p o s i t  b u t  d e e p e r  o i l  sand w i l l  have t o  b e  processed  
i n - s i t u  and t h i s  w i l l  r e q u i r e  t h e  a c q u i s i t i o n  of  m o r e  knowledge t o  
keep o p e r a t i o n s  a t  acceptable costs. 

A comparison of  some statist ics f o r  t h e  mining and i n - s i t u  p l a n t s  
l o o k s  l i k e  t h i s .  I n  b o t h  schemes t h e  scale is l a r g e .  

M I N I N G  IN-SITU 

A r e a  ( a c r e s )  

Product ion  BPD 

8 , 0 0 0  
125,000 

Steam used l b / h r  4 ,500,000 

Major mining equipment 4 X 80 cu  y a r d  
d r a g l i n e s  

4 b u c k e t  wheel 
reclaimers 

.35,000 f e e t  o f  
conveyor b e l t  

8 

>16,000 

125,000 
( a t  50% recovery)  

7 ,500,000 
i n j e c t e d  (1) 

8000 w e l l s  
( 2  acre s p a c i n g )  

O i l  g a t h e r i n g  
system 
Steam d i s t r i -  
b u t i o n  system 



In each of the two schemes upgrading of the isolated bitumen 
is needed to yield liquid hydrocarbon products. 

Setting aside the question of what on this continent we should do 
to conserve energy, the fact remains that there is an urgent 
real demand for hydrocarbon fuels as conventional crude dwindles. 
It is also a fact that the oil sands of northern Alberta are a huge 
deposit of bituminous matter from which, by suitable treatment, 
fuel-grade hydrocarbons can be derived. Obviously mining tar sand 
and then manufacturing crude therefrom is more expensive than 
establishing land-based wells in accessible regions, and it is 
because costs of obtaining conventional crude have increased as 
less-accessible supplies have to be tapped that synthetic crude 
from oil sands has now become economically feasible. 

If oil sands is to become the viable source of hydrocarbons that 
its extent and proximity to the Canadian market suggest that it 
can be, new solutions must be found to unacceptably expensive steps 
in the process. Otherwise, for new reasons, oil sand will remain 
what it has been for 200 years -- a known but unworkable bituminous 
deposit. 

Areas of high cost cannot be dealt with solely by chemical invention. 
I am increasingly aware of our need in the Syncrude Research Depart- 
ment, for expertise in disciplines other than chemistry and chemical 
engineering. Because oil research is traditionally staffed by 
people with chemical training, we tend to concentrate on those 
problems that lend themselves to laboratory or pilot scale inquiry. 
In fact investment breaks down to: 

Mining 34% 
Extraction, Froth 
Treatment and Diluent 

Upgrading 30% 
Recovery 12% 

Of fplots 24% 

100% 
It can be, and is, argued that mining is not our province but the 
responsibility of the mining industry. But the punitive cost of 
oil sand mining is in danger of blocking oil sands development. 
Ultimately such high cost must be attributed to failure to recog- 
nize the need for research. 

As an example,my company will spend about $80 million dollars on 
conveyors, and an as yet unknown amount on their maintenance. These 
conveyors will handle a material so harsh that it would be difficult 
to artificially formulate a worse composition for this mode of 
conveying, and working at temperatures ranging from -5O0F to +lOO°F. 
For the benefit of tar sand development as a whole, several millions 
of dollars would be well spent on conveyor materials research and 
other uses of rubber or rubber substitute. The reason why this has 
not been done, I think, is that an oil sand industry is only now 
emerging, and approaches to the conveyor supplying industry have 
so far been made in a piece-meal fashion. Such a large army of 
construction workers is needed to build an oil sands plant that one 
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p l a n t  has  t o  b e  completed b e f o r e  a n o t h e r  c a n  b e  s t a r t e d .  Hence 
through l a c k  o f  c o n c e r t e d  i n v e s t i g a t i o n  e a c h  p l a n t  i s  doomed t o  
b e  equipped w i t h  conveyor t h a t  may be  less t h a n  f u l l y  a p p r o p r i a t e .  
The  same r e a s o n i n g  a p p l i e s  to  o t h e r  f e a t u r e s  o f  o i l  sands  technology.  

Steam 

The piece-meal approach needs t o  be c o r r e c t e d  even i n  chemica l  
q u e s t i o n s .  Of t h e  600  b i l l i o n  b a r r e l s  c r u d e  o i l  e q u i v a l e n t  p r e s e n t  
i n  t h e  Athabasca d e p o s i t ,  o n l y  20 b i l l i o n  b a r r e l s  can  b e  recovered  
by a p r o c e s s  i n v o l v i n g  a mining s t e p .  T h i s  i s  t h e  p r e f e r r e d  scheme 
where p o s s i b l e  due t o  h igh  r e c o v e r y  o f  around 9 3 % .  For t h e  rest 
w e  must r e s o r t  t o  i n - s i t u  methods (so f a r  50% recovery  a t  b e s t ) ,  
which have a s  t h e i r n  f e a t u r e  t h a t  t h e y  i n v o l v e  h e a t i n g  t h e  
d e p o s i t  t o  r e n d e r  t h e  bi tumen f l u i d .  Some proposed i n - s i t u  
p r o c e s s e s  u t i l i z e  steam which i n  t u r n  ca l l s  f o r  l a r g e i t i e s  
o f  water  of s u f f i c i e n t  p u r i t y  t o  b e  used  as  b o i l e r  f e e d .  P u r i f y i n g  
water f o r  b o i l e r  f e e d  i n  e lectr ical  power g e n e r a t i o n  i s  more demand- 
i n g  because  n o t  o n l y  w i l l  s i l i c a  b e  d e p o s i t e d  as scale, b u t  some 
forms of s i l i c a  w i l l  be v o l a t i l e  under  t h e  h i g h  p r e s s u r e s  and h igh  
t e m p e r a t u r e s  i n  modern b o i l e r s ,  o n l y  t h e r e a f t e r  t o  b e  d e p o s i t e d  
downstream on such d e l i c a t e  equipment  as  t u r b i n e  b l a d e s .  O i l  sands 
steam usage d i f f e r s  f rom t h a t  i n  c o n v e n t i o n a l  power g e n e r a t i o n  
because  t h e  s t e a m  i s  used a n d  t h e n  a l lowed t o  e s c a p e :  e x c e p t  i n  
t h e  u t i l i t i e s  p l a n t , n o  c o n d e n s a t e  i s  r e t u r n e d .  C l e a r l y  f o r  our -  
s e l v e s  and f o r  o t h e r  d e v e l o p e r s  i n e x p e n s i v e  ways of  producing  
copious  s u p p l i e s  of p u r i f i e d  water would b e  an i m p o r t a n t  development 

Raw water  of  t h e  Athabasca r e g i o n  c o n t a i n s  s o l u b l e  o r g a n i c  a c i d s  of  
h i g h  molecular  weight  and much d i s s o l v e d  s i l i c a  i n  t h e  form of  
s i l i c i c  a c i d s .  S t r o n g l y  b a s i c  i o n  exchange r e s i n s  may be used to  
remove s i l i c a  b u t  i f  such  r e s i n s  are exposed t o  t h e  d i s s o l v e d  
o r g a n i c s ,  t h e y  f o u l  i r r e v e r s i b l y  -- t h a t  i s ,  t h e y  c a n n o t  be  re- 
g e n e r a t e d  by s imple  c a u s t i c  t r e a t m e n t .  It i s  t h e n  n e c e s s a r y  t o  add 
a n o t h e r  r e s i n  system t o  guard  t h e  h i g h l y  b a s i c  r e s i n  and t o  regener -  
a t e  t h a t .  Bes ides  i n t r o d u c i n g  f u r t h e r  c a p i t a l  expense,  t h i s  b r i n g s  
o p e r a t i n g  complexi ty  because  t h e  w a t e r  e l u t e d  from t h e  guard  r e s i n  
must be c a r e f u l l y  moni tored  b e f o r e  it is  advanced t o  t h e  b a s i c  r e s i n .  

One answer t o  t h e  r e s i n - f o u l i n g  problem l ies i n  t h e  u s e  of ozone, 
f o r  d e g r a d a t i o n  o f  t h e  l a r g e  o r g a n i c  molecules .  A t  Syncrude Research 
w e  have a d j u s t e d  t h e  m o l e c u l a r  weight  o f  t h e  o r g a n i c s  t o  t h e  d e s i r e d  
v a l u e  by u s e  o f  as l i t t l e  as 5 ppm ozone and s u c c e s s  w a s  demonstrated 
i n  a six-day e x p e r i m e n t a l  r u n  where no n o t i c e a b l e  r e s i n  f o u l i n g  w a s  
observed ( 2 )  . 
Ozone i s  h e l p f u l ,  b u t  i f  w e  go back a s t e p  w e  see t h a t  t h e  problem 
i s  n o t  so much i n  t h e  water as i n  t h e  r e s i n .  There i s  n o t h i n g  
i n a t e l y  harmful  i n  c o n t a c t i n g  o r g a n i c  molecules  w i t h  r e s i n s ,  b u t  
o n l y  c o n t a c t i n g  o r g a n i c  molecules  w i t h  r e s i n s  whose p o r e  s t r u c t u r e  
encourages too s t r o n g  a n  a f f i n i t y .  I n  s h o r t ,  t h e  r e s i n s  a v a i l a b l e  
to  use  have been manufactured w i t h o u t  Athabasca r e g i o n  water  i n  mind 
and c o n t a i n  c a v i t i e s  t h a t  r e a d i l y  occ lude  t h e  humic and f u l v i c  a c i d s  
w i t h  which w e  are plagued.  Athabasca w a t e r  needs ta i lor -made  r e s i n s  
o r  some novel  t r e a t m e n t .  
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Reliability 

The very scale on which Syncrude will operate constitutes a risk 
and a challenge. Unlike the conventional oil industry where the 
risk is in locating the oil, with us it is the reliability of the 
equipment. 
developed. 

Syncrude has a train of 41 plants. If each of these were to operate 
at 99% reliability the total system could be depended upon to operate 
for only 66% of the time. At the high investment required it is 
uneconomical simply to have duplicate pieces of equipment. What we 
need is reliability engineering -- that is,some means for informing 
us of the health of equipment before such equipment fails. I 
understand that large computers will now diagnose failure of certain 
of their own components. Using a network of probes and monitors 
attached to equipment, this diagnostic practice needs to be extended 
to large mechanical systems. 

Synthetic crude is more corrosive than its conventional counterpart. 
Stainless steel is not a good material from which process equipment 
should be fabricated because of its poor heat transfer properties. 
New alloys for synthetic crude would justify research effort. 

I have already referred to a need in the tar sand industry for new 
conveyor belt material. It should be strong, resist abrasion, 
work at a demanding range of temperatures, resist attack by 
hydrocarbons, and release tar sand or at least not suffer when 
release agents are applied. Steam distribution systems are made 
expensive because expansion joints have to be let into the system. If 
in-situ recovery were to be employed over an area of 25 square miles 
this would be an enormous source of cost. There is an incentive 
to invent expansionless piping (possibly from ceramic or glass?). 

A new science of equipment reliability will have to be 

Upgrading 

This is the operating by which the bitumen is coverted to synthetic 
crude, suitable for treatment in a convention oil refinery. Bitumen 
is first "cracked" and distilled above 900°F to yield light and 
heavy gas oils. 

The assumption is that because 50% of bitumen is in the boiling range 
of conventional residuum, bitumen should be treated by residuum 
upgrading. With available technology this is correct. Nevertheless, 
about 25% of the energy available to the tar sand is lost in 
upgrading. We subject the bitumen to high temperature to crack the 
heavier molecules and to remove the carbon with a view to increasing 
the hydrogen/carbon ratio of the product. Unfortunately, side 
reactions are quite prominent and encourage production of 

olefins -- which have to be saturated at a later stage 
gases -- which consist of hydrogen and light hydrocarbons 
rich in hydrogen and constitute a serious loss of hydrogen 
from the reactive mixture, notwithstanding the fact that coking 
is intended to correct an alleged hydrogen deficiency. 
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P a r a f f i n s  have  a hydrogen/carbon r a t i o  of  approximate ly  2 ,  benzene 
h a s  1.0. So i n  f a c t ,  b i tumen,  a t  a hydrogen/carbon r a t i o  of  
around 1 . 5  i s  n o t  d e f i c i e n t  i n  hydrogen. I t  is  coking  tha t  makes 
it so. It would appear  t h a t  d u r i n g  coking ,  hydrogen m i g r a t e s  t o  
g i v e  one by-product  so s t a r v e d  o f  hydrogen t h a t  it must be r e j e c t e d  
a s  a coke, and a n o t h e r ,  so r i c h  i n  hydrogen t h a t  i t  i s  lost as 
r e f i n e r y  g a s .  Granted t h e s e  a r e  o n l y  s i d e  r e a c t i o n s ,  b u t  s e r i o u s  
i n  a b s o l u t e  t e r m s .  W e  w i l l  produce 8 0 0 , 0 0 0  t o n s  per y e a r  of a 
coke of hydrogen/carbon r a t io  0.3 and of l o w  economic v a l u e ,  which 
s t a r t e d  o f f  as  a c o n s t i t u e n t  of u s e f u l  hydrocarbons.  O l e f i n  
product ion  i s  so s e r i o u s  t h a t  i n  t h e  subsequent  h y d r o d e s u l f u r i z a t i o n  
s i x t y  p e r c e n t  of  t h e  hydrogen consumed i s  used  merely t o  hydrogenate  
t h e s e  o l e f i n s .  W e  w i l l  u s e  3 5  MM c u b i c  f e e t  of  n a t u r a l  gas p e r  day 
t o  produce hydrogen.  Both hydrogen m i g r a t i o n  and o l e f i n  product ion  
a p p e a r  t o  b e  a f u n c t i o n  o f  t e m p e r a t u r e  and hence a lower tempera ture  

, c r a c k i n g  p r o c e s s  i s  needed f o r  o i l  sands  upgrading .  

L e w i s  a c i d  c a t a l y s t s ,  homogeneous w i t h  t h e  m i x t u r e  t o  be  hydrocracked 
( 3 )  ( e g .  f u s e d  z inc  c h l o r i d e )  h o l d  promise,  b u t  e f f i c i e n t  c a t a l y s t  
recovery  would be needed f o r  economic r e a s o n s .  Bed c a t a l y s t s  a r e  a t  
a d i s a d v a n t a g e  because  o f  po isoning  brought  about  by t h e  meta l  c o n t e n t  
of t h e  bitumen i t s e l f ,  and i t s  a s h  c o n t e n t .  The de-meta l iz ing  s t e p ,  
p o s s i b l y  u s i n g  manganese nodules  would probably  s o l v e  t h i s .  Another 
p o s s i b l e  a p p l i c a t i o n  f o r  c a t a l y t i c  a c t i o n  would b e  a re forming  
s t e p .  Although l a r g e  volumes o f  hydrogen a re  needed t o  hydrogenate  
bitumen d u r i n g  hydrocracking ,  much of t h i s  could  b e  r e g e n e r a t e d  by 
re-forming s i m u l t a n e o u s l y  w i t h  t h e  c r e a t i o n  of a v a l u a b l e  product ,  
h igh  i n  aromatics. A l t e r n a t i v e l y ,  it h a s  been sugges ted  t h a t  s u l p h u r  
i s  evenly  d i s t r i b u t e d  a l o n g  t h e  l e n g t h  of  t h e  l a r g e  molecules  and 
t h a t  merely removing t h i s  s u l p h u r  from bitumen by h y d r o d e s u l f u r i z a t i o n  
would b r i n g  about  a t e n - f o l d  r e d u c t i o n  i n  hydrocarbon molecular  
weight  ( 4 ) .  I f  so, w e  are throwing away a g r e a t  n a t u r a l  advantage 
t h a t  bitumen p r e s e n t s .  

Although f l u i d  coking  fo l lowed by h y d r o d e s u l p h u r i z a t i o n  i s  adequate  
f o r  residuum i n  c o n v e n t i o n a l  c r u d e ,  d i r e c t  a p p l i c a t i o n  t o  o i l  s a n d s  
bitumen i s  r e a l l y  only  a s t o p  gap.  As w e  move toward bitumen as a 
major hydrocarbon r a w  material ,  s i d e  r e a c t i o n s ,  which are a dec ided  
nuisance  i n  t h e  t r e a t m e n t  of c o n v e n t i o n a l  res iduum, w i l l  become a 
s e r i o u s  s o u r c e  of waste. The C a t a l y t i c  Cracker  (deve loped  a s  r e c e n t l y  
a s  t h e  e a r l y  f o u r t i e s )  w a s  b rought  i n t o  use  t o  cope w i t h  t w o  new 
problems: expanded market  f o r  hydrocarbons o f  g a s o l i n e  b o i l i n g  range;  
and t h e  i n c r e a s e d  u s e  o f  h e a v i e r  o i l  as r e f i n e r y  f e e d s t o c k .  
may b e  seen  as t h e  n e x t  s t e p  towards even h e a v i e r  o i l  and t h e  t i m e  
Seems r i p e  f o r  t h e  development  of  a brand new residuum convers ion  
p r o c e s s .  

Bitumen 

Canada i s  f o r t u n a t e  i n  t h a t  as c o n v e n t i o n a l  c rude  s u p p l i e s  are 
d e p l e t e d  w e  have a n  i n t e r m e d i a t e  s o u r c e  of hydrocarbons i n  t h e  form 
of o i l  s a n d s  bi tumen from which o u r  l i q u i d  hydrocarbon needs c a n  be  
s a t i s f i e d .  Other  n a t i o n s  have  t o  go d i r e c t l y  t o  uncongenia l  
hydrocarbon s o u r c e s  such a s  c o a l  and o i l  s h a l e .  O i l  sand poses  
t e c h n i c a l  and  s c i e n t i f i c  problems b u t  t h e s e  a r e  c a p a b l e  o f  b e i n g  
handled by Canadian r e s e a r c h  r e s o u r c e s .  I a m  sometimes asked  what 
w i l l  be t h e  f u t u r e  of  t h e  Syncrude Research Department once t h e  
f i r s t  p l a n t  i s  o p e r a t i n g  and debot t lenedked .  
t h a t  t i m e  w e  w i l l  have clear i d e a s  a b o u t  what t h e  r e s e a r c h  problems 
of o i l  sands  r e a l l y  a r e .  

My r e p l y  is t h a t  by  

The d e p o s i t  c o n t a i n s  a b o u t  600  m i l l i o n  
12 



b a r r e l s .  Whether w e  c o n v e r t  it from a d e p o s i t  t o  a r e s o u r c e  w i l l  
depend on whether  w e  c o r r e c t l y  choose new d i r e c t i o n s  as  a r e s u l t  
of t h e  i n i t i a l  e x p e r i e n c e  w e  a r e  g a i n i n g  now. 
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CHEMICAL COMPOSITION OF GASES I N  THE ALBERTA 
BITUMINOUS SAND 
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The composition and y i e l d s  of gases evolved upon hea t ing  t h e  Cold Lake bitumln- 
ous sand samples a t  5 O ,  70'. 95", 130°, 170° and 210°C f o r  5.5 hours each a r e  present- 
ed i n  Table 1. A t  5OC t h e  v o l a t i l e  f r a c t i o n  contalned CH4, CH3CH0, C3H8, i-CqH8, i- 
C4H10, C5 and C6 hydrocarbons. A t  e leva ted  temperatures t h e  following addi t iona l  com- 
pounds were de tec ted :  Gases 
co l l ec t ed  a t  Sac,  which is t h e  formation temperature, a r e  considered to be cons t i tuents  
p r e s e n t  i n  t h e  formation while t h e  o t h e r s  a r e  expected t o  a r i s e  from pyro lys is  of the 
bituminous sand. The y i e l d s  of a l l  products except acetaldehyde increase  with r i s i n g  
temperature, implying t h a t  t hese  a r e  pyro lys i s  products a s  well. 

p l e s  a t  210° and 4OO0C and t h e  r e s u l t s  a r e  given i n  Table 2. 
t i o n  products were n o t  de tec ted  a t  210" because only 100 mg of samples were heated. 

C2H4, C2H6, C3H6, C4H10, 1- and 2-C4H8, CO, COS and H2S. 

The same products were obta ined  by heating Cold Lake maltene and asphaltene sam- 
Most of  t he  decomposi- 

INTRODUCTION 

I 

The major bituminous sand formations i n  Canada a r e  loca ted  wi th in  the  heavy o i l  
b e l t  o f  northern Alberta.. 
Lake, a r e  known t o  be in t e r spe r sed  wi th  occasional smal l  gas pockets ind ica t ing  t h a t  
secondary thermal or microbia l  a l t e r a t i o n s  of the  bitumen have taken place i n  the  re- 
cen t  p a s t  oz may s t i l l  be occurr ing .  The presence of the  v o l a t i l e  mater ia l s ,  t h e i r  
composition and o r i g i n  and t h e i r  continuous formation and escape i n t o  the  atmosphere 
pose challenging problems with regard  t o  t h e  pas t  and cu r ren t  h i s to ry  of t h e  forma- 
t i o n  and t o  t h e  air  q u a l i t y  of  t he  region. 

gases present  i n  the  bituminous sand, of gases  produced i n  the  low-temperature pyroly- 
sis of the  bituminous sand and of t h e  separated asphaltene and maltene f rac t ions .  

The i so top ic  carbon r a t i o s  i n  two of t h e  components of t he  gases and i n  the  d i f -  
f e r e n t  f r ac t ions  of t h e  Athabasca and Cold Lake bituminous sands were measured i n  or- 
de r  to  gain a b e t t e r  understanding of the  a l t e r a t i o n  processes and t h e  ex ten t  of matur- 
i t y  of these depos i t s .  

The two l a r g e s t  r e se rvo i r s ,  known a s  Athabasca and Cold 

For t he  above reasons w e  have undertaken a d e t a i l e d  study of t h e  composition of 

EXPERIMENTAL 

The experimental d e t a i l s  f o r  t h e  co l l ec t ion  and ana lys i s  of gases and the  conver- 
s ion  o f  methane and carbon monoxide t o  carbon dioxide f o r  i so top ic  measurements have 
been described before (1). The s tandard  ex t r ac t ion  procedures f o r  bitumen, asphaltene 
and maltene from the  Athabasca ( 2 )  and Cold Lake (3) o i l  sands were followed. The 
i s o t o p i c  d i s t r i b u t i o n  of carbon i n  bitumen, asphaltene and maltene was  determined a s  
follows. Approximately 5 mg of t h e  des i r ed  f r a c t i o n  weighed i n  a narrow quar tz  tube 
was pushed i n t o  the  cen te r  of a wider quartz tube maintained a t  98OoC ins ide  an e lec-  
tric furnace. 

duc ts ,  mainly carbon d ioxide  and s u l f u r  d ioxide ,  were condensed i n t o  a trap'maintained 
a t  -161OC. Carbon d ioxide  w a s  then removed from su l fu r  d ioxide  by vacuum d i s t i l l a t i o n  
a t  -13OoC and co l l ec t ed  i n  a t r a n s f e r  tube. The i so top ic  r a t i o s  were measured with a 
25 c m  rad ius  90" sec to r  magnetic mass analyzer equipped wi th  a dual co l l ec t ion  system. 
The d i g i t a l  ou tput  w a s  handled with a T I  980 computer. 

Oxygen was flowed through t h e  system a t  a r a t e  of 7 cm3/min. 
Oxidation of t h e  ma te r i a l  w a s  complete within 20 minutes and t h e  oxidized pro- 

RESULTS AND DISCUSSION 
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The y i e l d s  of products a t  400" a r e  much l a rge r  than those a t  210OC. 
some products  a r e  markedly a f f e c t e d  by t h e  r eac t ion  volume or more l i k e l y  by the  pres- 
s u r e  i n  t h e  system; f o r  example, t h e  y i e l d s  of ethylene,  propylene, propane and but- 
ane a r e  enhanced a t  lower pressures .  
a t  400°C w a s  29.9 and 34.5%, r e spec t ive ly ,  independent of pressure.  

hydrocarbons p re sen t  i n  t h e  Cold Lake depos i t  i s  g r e a t e r  than 'chat i n  t h e  Athabasca 
formation (1). On t h e  o the r  hand, t he  y i e l d s  of carbon monoxide and carbon dioxide 
a r e  much smaller i n  t h e  Cold Lake samples than those i n  t h e  Athabasca deposi ts .  
These r e s u l t s  seem t o  imply that thermal o r  microbial  degradat ion of t h e  Cold Lake 
bitumen has occurred to  a l e s s e r  ex ten t  than t h a t  i n  t h e  Athabasca deposi ts .  

Kinet ic  ana lys i s  of t h e  d a t a  i n  Table  1 yielded Arrhenius parameters for t h e  de- 
composition. They a r e  given i n  Table 3 along with those obtained from t h e  Athabasca 
study (1) f o r  comparison. Since t h e  Arrhenius parameters a r e  favorable  f o r  a s l o w  but  
s i g n i f i c a n t  r a t e  of product formation a t  t h e  ambient temperature of t h e  r e se rvo i r ,  it 
follows t h a t  these ma te r i a l s  were produced i n  t h e  formation by t h e  s l o w  py ro lys i s  of 
t h e  bituminous sand. The low values  of t h e  a c t i v a t i o n  ene rg ie s  estimated f o r  product 
formation i n  the  Cold Lake samples a r e  s imi l a r  t o  those measured f o r  t h e  Athabasca 
bitumen. These l o w  values  may be a t t r i b u t e d  t o  t h e  c a t a l y t i c  e f f e c t  of t h e  mlneral  
matter p resen t  i n  t h e  sample. 

ca and Cold Lake bituminous sands have been measured and a r e  reported in Table 4. The 
6Cl3* values  a r e  corrected f o r  t h e  017 con t r ibu t ion  and a r e  quoted r e l a t i v e  t o  t h e  
Chicago PDB standard.  

from bituminous sand, asphal tene and maltene a t  d i f f e r e n t  temperatures,  show a grad- 
u a l  increase with r i s i n g  temperature. Those values  f o r  Athabasca bitumen and t h e  sep- 
a r a t e d  asphal tene and maltene f r a c t i o n s  a r e  t h e  same, 6cL3 = -29.6 ? 0.10/~~ a f  980' where- 
as t h e  corresponding values  for Cold Lake maltene, asphal tena and bitumen a r e  -31.6, 
-30.0 and -30.3 r e spec t ive ly .  It i s  wo'rth noting t h a t  t h e  6C13 values  obtained from 
t h e  Cold Lake samples a r e  s l i g h t l y  smaller than t h e  corresponding ones from t h e  Athas 
basca bitumen. 
Lake bitumen has occurred t o  a l e s s e r  e x t e n t  than i n  t h e  Athabasca bitumen. 

maltene m y  be due t o  mixing through migration and carbon i so tope  exchange react ions.  
Our va lues  of 6C13 = -29.6 and -30.7 f o r  t h e  Athabasca and Cold Lake bitumens respec- 
t i v e l y  a r e  very c l o s e  t o  those obtained f o r  d i f f e r e n t  f r a c t i o n s  of Saskatchewan and 
Alberta  conventional o i l s  (Mississ ipian a d Devonian) which range between -30.6 and 
-26.6 ( 4 ) .  The s u l f u r  i so tope  r a t i o s ,  S33/S32, of seve ra l  Saskatchewan crude o i l s  
and t h e  Athabasca bitumen a r e  a l s o  very s i m i l a r  ( 5 ) .  

The v a r i a t i o n  of t h e  C13/C12 r a t i o s  with temperature f o r  methane, a py ro lys i s  
product,  can be explained i n  terms of t h e  s e l e c t i v e  breaking of weaker C-C bonds a t  
lower temperatures a s  a r e s u l t  of t h e  k i n e t i c  i so tope  e f f e c t .  It has  been reported 
t h a t  methane produced by t h e  b a c t e r i a l  degradation of o i l  has much lower 6C13 values  
than those obtained i n  t h e  p re sen t  work (6) .  It  is  poss ib l e  t h a t  t h e  maturi ty ,  reser-  
voir temperature and t h e  s t r eng th  of t h e  C-C bonds cleaved a r e  t h e  primary f a c t o r s  
inf luencing t h e  i s o t o p i c  d i s t r i b u t i o n  of gases i n  t h e  bituminous sand. 

The y i e l d s  of 

The t o t a l  weight loss of asphal tene and maltene 

From comparison of t h e  r e s u l t s ,  it is  apparent t h a t  t h e  amount of s a tu ra t ed  

The carbon isotope r a t i o s ,  C13/CI2, of d i f f e r e n t  f r a c t i o n s  obtained from Athabas- 

The 6C13 values  obtained f o r  methane and carbon monoxide which were co l l ec t ed  

This may imply t h a t  b io log ica l  and/or chemical degradation of Cold 

The homogenization of t h e  carbon isotope r a t i o s  i n  the  bitumen, asphal tene and 
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TABLE 1 

Composition of Gases Evolved f rom the Cold Lake Oil Sand 
as a Function of Temperature.a 

5OC 7OoC 95OC 13OOC 17OoC 210'C 
~ ~~~ 

Methane 12.1 
Ethylene n.0.b 
Ethane n.0. 
Acetaldehyde 9.0 
Propylene n.0. 
Propane 3.49 

&Butene 25.6 
n-Butane n.0. 
Butenes n.0. 
Pentanes & Pentenes 1.34 

2,860 
n.0. 

'6 
Carbon monoxide 
Carbonyl sulphide n.0. 
Hydrogen sulphide n.0. 

i-Butane 3,49 

37.1 
3.17 
7.16 
54.5 
4.13 
10.2 
5.52 
34.9 
63.8 
90.0 
5.34 
3,780 
74.2 
3.63 
n.0. 

62.5 
9.7 
13.5 
146.6 
12.0 
16.7 
6.68 
38.2 
71.3 
147.4 
16.04 
4,120 
231.2 
10.2 
n.0. 

191.5 
39.8 
26.3 
84.0 
68.1 
153.7 
8.42 
62.2 
79.8 
152.2 
36.6 
4,450 
879.2 
27.7 
c85.0 

570.0 
192.7 
28.4 
18.8 
n.d.' 
n.d. 
13.9 
127.2 
130.5 
152.4 
62.1 
4,620 
1,840 
50.5 
<160 

3,800 
449.0 
452.0 
7.22 
494.0 
n.d. 
n.d. 
104.0 
246.3 
521.4 
231.0 
4,950 
4,790 
195.2 
(1,930 

a-The sample was heated for 5.5 hours at each temperature. 
Yields are expressed in units of mol/kg oil sand. 
Not observed. 
Not determined. 
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TABLE 2 

Composition of Gases from Cold Lake Maltene 
and Asphaltene .a 

Maltene Asphaltene 
210°D 4OOoc 400°b 21ODD 4OOoc 400'' 

Methane 
Ethylene 
Ethane 
Acetaldehyde 
Propylene 
Propane 
&Butane 
+Butene 
n-Butane 
Butenes 
Pentanes E, Pentenes 
c6 

Carbon monoxide 
Carbon dioxide 
Carbonyl sulphide 
Hydrogen sulphide 
Oxygen 
Nitrogen 

c7 

d n.0. 
71.0 
n.0. 
n.0. 
n.0. 
n.0. 
n.0. 
n.0. 
n.0. 
n.0. 
16.0 
769.0 
n.0. 
n.d. 
135.4 
n.0. 
n.0. 
8.00 
17.90 

140,000 
5,440 
115,000 
n.0. 
19,700 
77,800 
152.0 
17,700 
18,600 
55,500 
69,100 
77,300 
50,900 
n.d. 
529.0 
60.0 
<47,200 
n.0. 
n.0. 

197,000 
42,100 
95,000 
n.0. 
82,700 
si, goo 
n.d.e 
13,900 
52,400 
61,900 
75,900 
71,200 
10,500 
n.d. 
615.0 
44.0 
<33,400 
438.0 
107.0 

65.5 
16.2 
11.1 
6.91 
7.60 
9.10 
n.0. 
n.0. 
14.3 
8.13 
314.0 
38.2 
n.0. 
340.0 
369.0 
n.0. 
<51.1 
6.94 
17.9 

167,000 
10,200 
104,000 
n.0. 
31,000 
67; 200 
259.0 
8,600 
20,800 
47,700 
59,700 
53,500 
36,400 
n.d. 
2,900 
<0.1 
<86,900 
n.0. 
n.0. 

151,000 
25,900 
97,000 
n.0. 
44,300 
73,500 
n.0. 
6,780 
33,800 
49,700 
58,400 
61,200 
6,600 
3,990 
1,850 
24.0 
<89,400 
16.5 
94.6 

a The samples we;e heated f o r  20 hours. Yields a r e  expressed i n  u n i t s  lo-' mol/g. 
The volume of t h e  c e l l  was 155 cm3 and contained 4100 mg mater ia l .  
The volume of t h e  c e l l  was 1.0 cm3 and contained 15  mg of maltefie o r  5 mg of 
asphaltene.  
Not observed. 

e N o t  determined. 
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TABLE 3 

Arrhenius Parameters for Pyrolysis 
of Bituminous Sand 

A Ea k50c - ~. 

Product [ (5.5h)-1kg-11 [kJ/mOll [ (5.5h)-lkg-l] 
Cold Lake Athabasca Cold Lake Athabasca Cold Lake Athabasca 

~ 

1.7~10' 3.6~10' 53.8 56.9 
2.1~10~ 5.2~10~ 52.0 49.3 

CH4 
C2H4 

?-C4H8 3.6~10~ 1.6~10~ 31.0 28.4 

co 7.9~10~ 1.1~10' 39.3 36.8 
cos 1.9~10~ 5.0~10~ 37.7 48.5 

C3H6 5. 3x107 7. 9x108 46.8 57.7 

z - c ~ H ~ O  3.0~10~ 8.2x1~4 21.3 34.7 

~~ ~~~~ ~~ 

1.7~10-1 7.6~10-~ 
4.4~10-~ 2.8xlO-* 
9.4~10-~ 1.2x10-* 
6. 0x10-1 7.3~10-~ 
3. 1x10-1 2.5~10-~ 
3.6 13.2 
1.8~10-1 4.0~10-~ 

TABLE 4 

Isotopic Patios for C13/C12 in the Fractions 
of Alberta Bituminous Sand 

Temperature Bituminous Sand 
OC Fraction 

6cI3 (per mil) 
Athabasca Cold Lake 

95 Bituminous Sand, CH4 + C02 -48.8 (l)a 
210 Bituminous Sand, CH4 + co2 -41.1'2.3(4) 

210 Bitumen + Sandb 
210 Bituminous Sand, CO + C02 -32.0+2.4(4) -37.3 (1) 

CH4 + C02 -47.8t0.9 (3) 
co -+ co2 -29.0 (1) 

400 Maltene, CH4 -f C02 -41.9 (1) -44.3 (1) 
400 Asphaltene, CH4 -f C02 -45.520.1 ( 2 )  -44.3kO. 1 ( 2 )  
980 Maltene, Total C -f C02 -29.7+0.1(3) -31.650.1 (3) 
980 Asphaltene, Total C + C02 -29.5+0.1(3) -3O.Ok0.3 (3) 
98 0 Bitumen, Total C + C02 -29.6+0.1(3) -30.320.4 ( 2 )  

a Numbers in brackets indicate number of analyses. 
Sand recovered after the extraction of oil from the Athabasca bituminous 
sand was mixed with bitumen in the proportion estimated in the bituminous 
sand. 
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PHYSICAL PROPERTIES OF CONVENTIONAL AND BIODEGRADED OILS 

1. Rubinstein and O.P. S t rausz  
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INTRODUCTION 

During our  s t u d i e s  on t h e  o r i g i n  and evolu t ion  of  t h e  Alber ta  o i l  sands we stud- 
i e d  t h e  b a c t e r i a l  a t t a c k  on convent ional  crude o i l s ,  and came to  t h e  conclusion t h a t  
t h e  o i l  sand bitumen was t h e  end product  of  t h e  biodegradat ion of a l i q u i d  pooled o i l  
(1). The biodegradat ion of a l i g h t ,  f l u i d  convent ional  crude o i l  y ie lded  a heavy, 
dense  bitumen a f t e r  bac te r i i i i  a t t a c k ,  (2,3,4) which resembled t h e  n a t u r a l l y  occurr ing 
bitumen found i n  t h e  Alberta  o i l  sand formations (1). 

The f a c t  t h a t  biodegraded o i l s  and o i l  sand bitumens have such d i f f e r e n t  physi- 
cal p r o p e r t i e s  from convent ional  crude oi ls  i s  of g r e a t  imp r t a n c e  t o  t h e  petroleum 
i n d u s t r y .  A f l u i d  f o s s i l  f u e l  may be ex t rac ted  from a r e s e r v o i r  by s inking  a wel l  and 
permi t t ing  t h e  f l u i d  t o  flow o u t  of t h e  ground under i ts own o r  a s s i s t e d  h y d r o s t a t i c  
p r e s s u r e ,  and it may be t ransl ior ted by p i p e l i n e  o r  v e s s e l  t o  a remote p l a n t  f o r  t r e a t -  
ment. The o i l  sand bitumen, on t h e  o t h e r  hand, is a heavy t a r r y  m a t e r i a l ,  s o l i d  a t  am- 
b i e n t  l o c a l  temperature, which is he ld  i n  an adhesive mat r ix  around g r a i n s  of sand i n  
a s o l i d  geologica l  formation underground. This  r e q u i r e s  d i f f i c u l t ,  a,nd hence expensive, 
mining o r  i n - s i tu  recovery, and t h e  bitumen re leased  from t h e  sand matr ix  must be 
t r e a t e d  and r e f i n e d  on-s i te  s i n c e  it is not  e a s i l y  t ranspor ted  t o  a remote r e f i n e r y .  

t i o n  a r e  Pour Point: - the temperature above which t h e  o i l  is a l i q u i d  and w i l l  flow, 
GraviLy: - the  d e n s i t y  of t h e  m a t e r i a l ,  and Viscos i ty :  -its a b i l i t y  and r e s i s t a n c e  t o  
flow. 

e n t  f r a c t i o n s  f o r  these  c r i t e r i a ,  and noted t h e i r  p r o p e r t i e s  before  and a f t e r  biodegra- 
d a t i o n  i n  a n  a t tempt  t o  r a t i o n a l i z e  t h e i r  phys ica l  behavior. 

The t h r e e  phys ica l  c r i t e r i a  of  importance i n  t h i s  f i e l d  of  petroleum explo i ta -  

We have inves t iga ted  var ious  oils ,  and bitumens and some of  t h e i r  major compon- 

MATERIALS AND METHODS 

Samples inves t iga ted  a r e  shown ir. Table I. Prudhoe Bay is a convent ional  crude 
o i l  f r o m  Alaska, an11 i ts  incubat ion  f o r  168 hours wi th  a c u l t u r e  of mixed b a c t e r i a  
y i e l d e d  sample PR 168 (1). This  l a t t e r  mater ia l  has.Deen shown t o  resemble chemically 
t h e  Alber ta  o i l  sand bitumens. Sample PB s.1. i s  t h e  product  of t h e  incubat ion  of 
Prudhoe Bay o i l  with a c u l t u r e  of  t h e  y e a s t  Saccharomyces l ipolyt ica.  
removes completely t h e  n-alkanes (5) .  Sample A t  i s  a t y p i c a l  o i l  sand bitumen from 
one of the  f o u r  major d e p o s i t s  i n  Alberta .  
t h e n i c  crude oi l  found i n  a r e s e r v o i r  system i n  t h e  Mannville formation i n  Eastern 
Alber ta .  It i s  thought  t o  be r e l a t e d  to  t h e  four  o i l  sand formations bitumens (6,7) 
and is  an example of an in te rmedia te  biodegradat ion product  (1). The t h r e e  component 
fractions, t h e  s a t u r a t e ,  aromatic  and p o l a r  m a t e r i a l s  of t h e  samples A t  and PB were 
i s o l a t e d  from t h e  respec t ive  o i l s  by column chromatography (1). Sample PB Sa t .  A.F. 
was a sample of  PB S a t .  from which t h e  n-a lkanes ,  ;so- and ante-iso a lkanes  had been 
removed by molecular s ieve  i n c l u s i o n  ( 8 )  and urea  adduct ion (9 ) .  

The Pour Poin t  was determined by observing t h e  temperature a t  which t h e  l i q u i d  
sample ceased t o  flow on cool ing,  and a l s o  t h e  temperature a t  which t h i s  same sample, 
when frozen,  commenced to  flow on heat ing.  
t w o  va lues .  

A.P.I. g r a v i t i e s  ca lcu la ted  according to t h e  formula A.P.I. g r a v i t y  = 141.5- - 
s p e c i f i c  grav i ty  

131.5. Hence water has a va lue  of  A.P.I. 10. More dense m a t e r i a l s  have lower values ,  
less dense m a t e r i a l s  have va lues  g r e a t e r  than 10. 

This org?.:.ism 

The Lloydminster crude o i l  is a heavy naph- 

The f i g u r e s  quoted a r e  averages of these  

The g r a v i t y  was determined by densi tometry a t  25'C. The va lues  quoted a r e  
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V i s c o s i t i e s  were measured a t  38OC and 9 9 T  with a Brookfield Viscosimeter on 
5 m l  samples, absolu te  va lues  being cor rec ted  a g a i n s t  known s tandards .  
are i n  Saybol t  Universal  Seconds (s.u.s.) and a r e  c a l c u l a t e d  u s i n g  t h e  formulae: 

Values quoted 

Cent i  i s e  SpecifirGravity = Cent i s tokes  

and S.U.S. = Cent i s tokes  x 4.635. 
t h e  va lues  quoted should n o t  be regarded a s  absolu te ,  b u t  r a t h e r  viewed f o r  comparative 
purposes. 

Since o i l s  and bitumens a r e  n o t  homogenous m t e r i a l s ,  

RESULTS AND DISCUSSIONS 

The chemical ana lyses  of t h e  m a t e r i a l s  i n v e s t i g a t e d  a r e  i l l u s t r a t e d  i n  F igure  1. 
From this it may be seen t h a t  sample PB was a convent ional  crude o i l  conta in ing  a f u l l  
complement of n-alkanes, ' acyc l ic  isoprenoids ,  o l igo-  and polycycl ic  s a t u r a t e d  alkanes,  
Oligo- and polycycl ic  aromatics  and p o l a r  mater ia l s .  
(sample PB s.1.) removed s o l e l y  t h e  n-alkanes and minor amounts of small-r ing aromatic 
mater ia l s .  Biodegradation by t h e  b a c t e r i a  (sample PB 168) had removed a l l  t h e  n-alkanes 
and t h e  a c y c l i c  isoprenoids ,  some mono and d i c y c l i c  s a t u r a t e s ,  and small r i n g  aroma- 
t i c s ,  l eav ing  t h e  p o l a r  matexial  unchanged (1). 

Sample L 1  was s i m i l a r  t o  sample PB s.1. i n  that t h e  n-alkanes were absent ,  bu t  
t h e  a c y c l i c  isoprenoids  ( t h e  p r i s t a n e  and phytane family)  were s t i l l  present .  However, 
as t y p i c a l  of t h e  o i l s  found i n  t h e  Mannville formation of Alber ta ,  t h e r e  was a r e l a -  
t i v e l y  l a r g e  arr.ount of p o l a r  m a t e r i a l  p resent .  S imi la r ly ,  sample A t ,  t h e  o i l  sand 
bitumen, resembled t h e  f u l l y  biodegraded sample PB 168, except ing f o r ,  again,  t h e  l a r -  
ger  amount of  p o l a r  mater ia l  p r e s e n t  (1). 

Biodegradat ions by the  y e a s t  

a )  Pour Poin t  
The va lues  obtained f o r  t h e  pour p o i n t s  of t h e  samples a r e  shown i n  Table 11. 
The convent ional  crude o i l ,  sample PB, had a pour p o i n t  of -2OC. Removing t h e  

n-alkanes (sample PB s.1.j caused t h i s  f i g u r e  t o  f a l l  t o  -12°C; i .e .  t h e  o i l  w a s  still 
l i q u i d  a t  an even lower temperature. Increasing t h e  amount of p o l a r  mater ia l  (as  i n  
sample L1) caused a marked i n c r e a s e  i n  t h e  pour p o i n t  va lue  to  +3OC. Further  biode- 
grada t ion  t o  completion (as i n  sample PB 168 and A t )  caused a f u r t h e r  r i s e  i n  the  pour 
point,  with t h e  amount of p o l a r  mater ia l  having l i t t l e  a d d i t i o n a l  e f f e c t .  

Looking a t  t h e  va lues  f o r  t h e  component f r a c t i o n s ,  i t  may be  noted t h a t  t h e  
polar m a t e r i a l  had a very high pour p o i n t ,  and t h e r e f o r e  t h e  propor t ions  present  i n  a 
mixture  had a marked e f f e c t  on t h e  o v e r a l l  pour poin t .  The more p o l a r  m a t e r i a l  being 
p r e s e n t ,  t h e  higher  t h e  pour p o i n t  became. 

Biodegradation caused a rise i n  t h e  pour p o i n t  va lues  i n  t h e  aromatic f r a c t i o n ,  
due to  t h e  removal of t h e  l i g h t e r  components (sample PB A r o ,  sample A t  A r o ) .  

The most  s t r i k i n g  d i f f e r e n c e  was observed i n  t h e  s a t u r a t e  f r a c t i o n s .  Sample PB 
S a t  had a pour p o i n t  of +YC, due t o  the  presence of t h e  s o l i d  waxy n-alkane s e r i e s .  
Removal of t h i s  (sample PB S a t  A.F.) caused a marked f a l l  i n  t h e  pour poin t ,  hence the  
f a l l  i n  values  observed between samples PB and PB s.1. Fur ther  biodegradat ion (i.e. 
removal of t h e  a c y c l i c  isoprenoids  and mono- and d i - c y c l i c  s a t u r a t e s )  caused a f u r t h e r  
decrease  i n  ,the pour p o i n t  values .  

t h e  o i l ,  i n  t h a t  i ts pour p o i n t  had f a l l e n  due to  t h e  removal of  t h e  n-alkanes. Fur- 
t h e r  biodegradat ion i n  t h e  s a t u r a t e  and aromatic  f r a c t i o n s  caused a "downgrading" by 
i n c r e a s i n g  t h e  pour p o i n t  of t h e  o i l .  
was t h e  quant i ty  of p o l a r  m a t e r i a l  p resent .  The higher  t h e  percentage of  p o l a r  m a t e r i a l  
p r e s e n t ,  t h e  higher  t h e  pour p o i n t  became. 

Thus .biodegradation by t h e  Saccharomyces z ipoty t ica  may be s a i d  t o  have "upgraded" 

The over r id ing  f a c t o r  involved i n  the  pour p o i n t  

b) V i s c o s i t y  
The V i s c o s i t i e s  obtained a r e  tabula ted  i n  Table 111. 
Sample PB had a l o w  v i s c o s i t y ,  and thus  flowed e a s i l y .  Removing the  n-alkanes 

(sample PB s.1.) increased t h i s  va lue  from 208 t o  1006. Adding p o l a r  mater ia l  (sample 
L1) f u r t h e r  increased t h i s  va lue  t o  3610. Complete biodegradat ion of sample PB in-  
c reased  t h e  v i s c o s i t y  sharp ly  t o  over  f i v e  thousand (sample PB 168). and the  a d d i t i o n  
of f u r t h e r  po lar  mater ia l  (sample A t )  more than  doubled t h i s  f i g u r e .  'The va lues  f o r  
t h e  component f r a c t i o n s  expla in  t h i s  i n  t h a t  biodegradat ion had only a n u n o r  e f f e c t  on 
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t h e  v i s c o s i t y  of the  s a t u r a t e  and aromatic  f r a c t i o n s .  Since t h e  p o l a r  m a t e r i a l  was a 
s o l i d  a t  38OC, and w a s  extremely v iscous  even a t  99OC; its presence was t h e  most impor- 
t a n t  f a c t o r  i n  t h e  de te rmina t ion  of t h e  v i s c o s i t y  of an oil. Hence t h e  Mannville o i l s  
(samples L 1  and A t )  were all highly  v iscous  a t  38'C due t o  t h e i r  high conten t  of p o l a r  
m a t e r i a l ,  and were mre viscous  t h a n  t h e i r  low-polar c o u n t e r p a r t s  even a t  99°C. 

c )  Gravi ty  
Table I V  lists t h e  v a l u e s  obta ined  for t h e  A.P.I. g r a v i t i e s  of t h e  o i l s .  The con- 

v e n t i o n a l  crude o i l  sample PB had .a  r e l a t i v e l y  high A.P.I. g rav i ty ,  which f e l l  t o  c l o s e  
t o  t h a t  of  water on complete b iodegrada t ion  with t h e  b a c t e r i a  (sample PB 168), and a l -  
so on biodegradat ion with t h e  Saccharomyces tipotytica (sample PB s.1.). 
the samples A t  and L1 were l ikewise  Close t o  t h a t  of water. The v a l u e s  for t h e  sa tur -  
ates (samples A t  Sat ,  PB S a t ,  PB S a t  A.F.) revealed h igh  va lues  unaf fec ted  by biode- 
grada t ion ,  and t h e  va lues  f o r  t h e  aromatic  f r a c t i o n s  f e l l  only t o  a minor ex ten t .  I t  
may t h u s  be surmised t h a t  t h e  concent ra t ion  of po lar  mater ia l  was t h e  most important 
f a c t o r  involved i n  t h e  de te rmina t ion  of t h e  g r a v i t y  of an o i l  (see Figure 1). 

The va lues  f o r  

CONCLUSIONS 

.i) Conventional crude o i l s  are c h a r a c t e r i s e d  i n  t h e i r  phys ica l  p r o p e r t i e s  by a 
high A.P.I. g rav i ty ,  low pour p o i n t  and low v i s c o s i t y .  Biodegraded o i l s  and 
bitumens have low A.P.I. g r a v i t i e s ,  high pour p o i n t s  and high v i s c o s i t i e s .  

ii) The most i n f l u e n t i a l  f a c t o r  involved i n  t h e  phys ica l  p r o p e r t i e s  of o i l s  i s  t h e  
amount of p o l a r  mater ia l  p resent .  
The s e l e c t i v e  removal of n-alkanes by t h e  y e a s t  Saccharomyces t i p o t y t i c a  caused 
a n  anomalous "upgrading" of the o i l  i n  t h a t  t h e  pour p o i n t  was decreased. 

iii) 
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Table I 

The O i l s  Examined 

PB 

PB 168 

PB s.1. 

L1 

A t  

PB S a t  
PB Aro 
PB Pol  
PB S a t  A.F. 

A t  S a t  
A t  A r o  
A t  Po l  

Prudhoe Bay Crude. Location: Alaska ( B r i t i s h  Petroleum Ltd.) 

Prudhoe My Crude incubated 168 hours, mixed b a c t e r i a l  c u l t u r e .  

Prudhoe M y  Crude incubated 21 days wi th  Saccharomyces l i po ty t i ca  cul ture .  

Lloydminster Crude. Location: 16-3-50-1 W4. Well depth  600 m. (Husky O i l  
Ltd.). 

Athabasca O i l  Sand Bitumen. Location: 24-92-10 W4. Quarry depth 22 m. 
(Great Canadian O i l  Sands Ltd.) . 
Prudhoe Bay S a t u r a t e  F r a c t i o n  
Prudhoe Bay Aromatic F r a c t i o n  
Prudhoe Bay Polar  F r a c t i o n  
Prudhoe Bay S a t u r a t e  F r a c t i o n  f r e e  of E-alkanes. 

Athabasca S a t u r a t e  F r a c t i o n  
Athabasca Aromatic F r a c t i o n  
Athabasca Polar  F r a c t i o n  

Table  I1 

Pour P o i n t  Values ("C) 

Sample Pour Poin t  Sample Pour Poin t  Sample Pour Poin t  
1 -  I -  

PB -2 
PB s 1 -12 
PB 168 +7 
L1 +3 
A t  +8 

Sample 

PB 
PB s 1 
PB 168 
L1 
A t  

Viscosi ty  

208 ; 131 
1006 ; 215 
5280 ; 117 
3610 ; 260 

11680 ; 513 

PB S a t  I PB Aro 
A t  S a t  -55 

-55 I A t  A r o  -25 

Table  I11 

Viscos i ty  Values 38OC; 99OC 
(Saybol t  Univers i ty  Seconds) 

Sample Viscos i ty  

PB S a t  <SO ; <50 
PB A r o  <SO ; <SO 
PB P o l  s o l i d  ; >20000 
PB S a t  A.F. <50 i <50 

Sample V i s c o i i t y  

A t  s a t  <50 ; <SO 
A t  A r o  850 ; <50 
A t  Pol s o l i d  ; >20000 
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Table IV 

Gravity Values (OAPI) 

PB 27 PB Sat 36 
PB s 1 12 PB Aro 17 
PB 168 10 PB Pol - 10 
L1 13 PB Sat A.F. 36 
At 10 

At sat 30 
At Aro 4 
At Pol .. 10 
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PB Sol 

PB Aro 

PB Pol 

D 

- 

E 

- 
F 

i PB Sat 

E - A t  Aro 
E 

- - 

F ' A t  Pol 

> 

PB 168 PB s.1. LI 

Figure I: Gravimetric analyses  of the O i l s  and bitumens. 

A.  Sieve adduct 

B. Urea adduct 

C. Thiourea adduct 

D. Thiourea non-adduct 

E. Aromatic Fraction 

F. Polar fract ion 

Saturate fract ion 

At 
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INTRODUCTION 

One of the more d i f f i c u l t  tasks i n  t he  analysis  of heavy crudes such as shale or 
o i l  sand bitumens is the de t a i l ed  analysis  of their saturated hydrocarbon fraction. Al- 
though this fract ion is eas i ly  separated from the  other  const i tuents  of the bitumen i n  
tu0 or even i n  one separation step, it represents  a complex mixture of hydrocarbons 
which may, and i n  the case of heavy crudes of ten does, contain several  classes of com- 
pounds ranging from simple s t r a i g h t  chain alkanes, to various branched alkanes (and 
possibly the corresponding o l e f i n s  which are eluted together with t h e  sa tu ra t e s ) ,  t o  
monocyclic, dicycl ic  and up t o  pentacyclic compounds. Separation of t h i s  complex mix- 
ture j n t o  the individual classes i s  a formidable task which, i n  the case of heavy crudes, 
is fu r the r  complicated by the f a c t  t h a t  the const i tuents  of t h i s  f r ac t ion  range from 
r e l a t i v e l y  l o w  molecular weight compounds up t o  C4,, and even higher hydrocarbons. Also, 
as the number of r ings  increases, the correspond’ng number of possible stereoisomers 
becomes very large. Thus, fo r  example, G W E G O S  showed that three hydrocarbons of mol- 
ecular  f o r m l a  C3@5z w e r e  present  i n  the Green River shale  oil: 
l~ass spectra,  while the t h i r d  d i f f e red  only by the absence of a small M-43 peak i n  its 
mass spectrum. A l l  three could be separated by Gc. The s l i g h t  differences i n  the mass 
spectra and the presence of commOn base ions (e.g. t h e  majority of tetra- and penta- 
cyclic terpanes have a major m/e 191 fragment i n  t h e i r  mass spectrum) make discrimin- 
a t i o n s  based on Gc/MS extremely d i f f i c u l t .  

the neighbouring areas,  t he  major proportion of the hydrocarbons ranges between C16 and 
C30. 
for unambiguous iden t i f i ca t ion  of individual compounds, but other  instrumental methods 
such as X-ray diffractometry or 13C n.m.r. can provide the  required information. These 
methods however require preparat ive i so l a t ion  of t he  compound of i n t e r e s t  i n  quant i t ies  
amounting to a t  least 5-15 mg. WSZOLEK e t  al. therefore  s died preparative isolat ion 
of the  steranes and hopanes from t h e  Green River shale o i l ?  . 

R e c e n t  geochemical work has shown that many const i tuents  of t he  saturated hydro- 
carbon fract ion are hydrocarbons derived from naturally-occurring p l an t  (e.9. terpenes 
and s t e ro l s )  and possibly animal (viz. e.g. the recent  i den t i f i ca t ion  of cholic acid 
by SEIFERT3) materials.  
termed ‘geochemical markers’, might provide an in s igh t  i n t o  the genesis of the deposit  
and help t o  answer such questions as the r e l a t i v e  maturity of the crude, and whether 
biode radation has taken place. With regard to the l a t t e r ,  f o r  example, it has been 
shown 
branched alkanes and even monoaromatics with an alkane side-chain and s ince these com- 
pounds are absent i n  the Athabasca bitumen5 it w a s  concluded that complete bicdegrada- 
t i o n  has taken place. 
sence or absence of other so-called geochemical markers s ince many terpanes and steranes 
are apparently always present i n  oi ls ,  i r respect ive of t h e i r  or igin and maturity. 

In  order t o  exploi t  t he  po ten t i a l  value of such c l a s ses  of hydrocarbons for o i l  
character izat ion s tudies ,  fur ther  refinements of ex i s t ing  ana ly t i ca l  procedures were 
deemed necessary i n  order to allow rout ine (i.e. a t  l e a s t  r e l a t ive ly  f a s t  and accur- 
ate) analyses and unambiguous iden t i f i ca t ions  of the individual members of such classes  
of hydrocarbons. In  view of t he  above-mentioned broad d i s t r ibu t ion  of saturated hydro- 
carbons i n  the Alberta o i l  sand bitumens, w e  decided t o  f i r s t  concentrate on the sep- 
a ra t ion  and determination of t he  hopanes and s teranes using a combined GC/MS, HPU: and 
GPC approach. 

t 
two had ident ical  

In  heavy bitumens such as Athabasca or Cold Lake materials, and materials from 

In  th is  range Gc/MS cannot e a s i l y  furnish the e n t i r e  s t ruc tu ra l  data  necessary 

Geochemists have pointed out  repeatedly t h a t  such compounds, 

1 t h a t  ce r t a in  bacter ia  are capable of a t tacking and thus removing n-alkanes, 

However not too much importance should be vested i n  the pre- 
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RESULTS AND DISCUSSION 

A w e l l  established but tedious and lengthy6 procedure f o r  the i so l a t ion  of penta- 
Cyclic terpanes consis ts  o f , t h e  removal of possible  o l e f i n i c  contaminants on Ag+/silica, 

.n-alkanes on SA molecular sieve,  of lower cyc l i c  and branched open chain hydrocarbons 
by adduction with urea, and of higher cyc l i c  compounds by adduction with thiourea. 
hopanes remain in  the thiourea non-adduct, while t he  s teranes are d i s t r ibu ted  between 
the thiourea adduct and non-adduct. 
total ' sa turates '  of Athabasca o i l ,  1.53% were retarded on Ag+ loaded silica, 4.9% re- 
presented the thiourea adduct and 87.5% w e r e  i solated a s  the thiourea non-adduct a f t e r  
repeated adduction, f o r  a total recovery of 94%. 
sen t s  the major port ion of t he  saturate  f ract ion.  Due t o  the large spread i n  molecular 
weight of the saturates ,  it seemed obvious that some s i z e  separation should precede any 
O t h e r  separation steps.  A detai led study of the elut ion of s a tu ra t e s  from a c l a s s i ca l  
alumina column i n  which the eluate  was col lected i n  10 separate f ract ions,  each of which 
was checked by GC and HPLC (Figures 1 and 2)  showed t h a t  the hopanes were p re fe ren t i a l ly  
eluted i n  f ract ion #7 and only s m a l l  amounts were present i n  f r ac t ion  #6. Since no n- 
alkanes a r e  present i n  the Athabasca bitumen, f ract ions #5, 6 and 7 were t reated with 
thiourea and the non-adduct w a s  subjected t o  GC/MS scanning. 

This scanning, based on the comparison of the i n t e n s i t i e s  of t he  fragment ion 
m/e 191 and of the p a i r  molecular ion p lus  an ion representing the s ide  chain-containing 
fragment of the pa r t i cu la r  compound, suggested the presence of hopanes7 but the r e s u l t s  
were hard t o  in t e rp re t  due t o  incomplete separation and the presence of s teranes and 
other  material  i n  the same range of re tent ion times, c.f. Figure 3. 
the separation, each of the fract ions (#5, 6 and 7 )  were reseparated by GPC on 60, 100, 
200 and 500 I! Styragel. 
t i ons  #5, 6 and 7 a re  shown i n  Figures 4a, b and c. The gas chromatograms of these in- 
dividual f ract ions a r e  shown i n  Figures 5, 6 and 7 where it is  seen t h a t  t he  hopanes 
a re  preferent ia l ly  concentrated i n  one of t he  f r ac t ions  (GPC f r ac t ion  #8 from alumina 
f r ac t ion  #7). 
moved, leaving a mixture of hopanes together with t races  of other  components as w i l l  be 
shown below, reasonably well  separable on a conventional packed GC column (Dexsil-300). 
This finding was important f o r  two reasons. F i r s t ,  it allowed us to  obtain good mass 
chromatograms and mass spectra of the individual hopanes, the fragmentation p a t t e r n s  
of which were i n  agreement with published data7 on the 17a(H) ,21B(H)-,C27,C29-C35 hop- 
ane se r i e s ,  and second, it suggested the poss ib i l i t y  of a r e l a t ive ly  easy preparative 
col lect ion of enough material to  run 13C-n.m.r. and high resolution mass spectra of the 
individual compounds. For the preparative separation, a 1/4" by 8'  column packed with 
3% Dexsil-300 on Chromosorb W-AW was used with the thermal conductivity detector  con- 
nected t o  the column o u t l e t  p r io r  t o  the col lect ion traps.  The chromatogram is  shown 
i n  Figure 8. Unfortunately the trapping t r a i n  was only crudely s e t  up and the collec- 
t i o n  efficiency w a s  low. Comparison of the chromatograms of the isolated fract ions 
with t h a t  of o r ig ina l  hopane fract ion,  Figure 9, shows t h a t  t he  puri ty  of the isolated 
C27. C29 and C30 hopanes was be t t e r  than 90%. Moreover, these hopanes a r e  the predom- 
inant  representatives of the hopane se r i e s  i n  Athabasca bitumen, i n  which the t o t a l  con- 
t e n t  of hopanes is about 0.3-0.6%. 
compounds, Figure 10, have exact masses of 398.3911 (calc.  398.3912) and 412.40690 
(calc. 412.40644) respectively,  thus confirming the molecular formulae C29H50 and 
C30H52. Comparison of the 13C n.m.r. spectra with t h a t  of C30 hopane8, Figure 11, 
shows tha t  the hopanes i n  Athabasca bitumen a r e  indeed the 17a(H),21B(H)-isomers. 

f ract ions containing C29, C30'and C31 hopanes. 
191 and the fragments containing the s ide chain a re ,  respectively,  m/e 177, 191 and 205. 
We have a l so  detected and preparatively i so l a t ed  a C28 compound which gave fragment ions 
and a molecular ion i n  accordance with the other  homologues of the now unambiguously 
ident i f ied hopane se r i e s ,  but the retent ion time however does not conform t o  the re- 
tent ion times of t h i s  ser ies .  
the f a c t  t ha t  it could not be c rys t a l l i zed  suggests t h a t  the i so l a t ed  product might 
i n  f a c t  be a mixture. 

The 

In previous work we have shown' that, from the 

Thus the thiourea non-adduct repre- 

I n  order t o  improve 

E x a m p l e s  of the GPC chromatograms and the c u t  points  of f rac-  

Thus the lower molecular weight const i tuents  were nearly completely re- 

High resolut ion mass spectra of the C29 and C30 

Figure 1 2  i l l u s t r a t e s  the procedure adopted fo r  GC-MS scanning of one of the GPC 
The respective molecular ions a re  m/e 

This suggests that the compound i s  not a C28 hopane and 
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A gas chromatogram of the hopane concentrate f r a c t i o n  on a SCOT column (N = 
28,000), F i g u r e  13, reveals  the presence of a number of trace and minor const i tuents  
which, however, could hardly a f f e c t  t he  puri ty  of the i so l a t ed  fract ions fo r  the purpose 
of 13C n.m.r. spectra or X-ray crystallography. 
a r a t ion  of the diastereoisomers a t  C-22 of C32 to C3? hopanes i s  complete, while the 
analogous separation of t he  Cjl homologue would require eff ic iencies  i n  the range Of 

N = 80,000. 
change s l igh t ly  along the se r i e s .  From the limited da ta  available however, t he  pot- 
en t i a l  significance of these-differences cannot be assessed. Figure 14 shows the same 
separation on a WCOT column (N - 80,000). The separation of C-22 diastereoisomers 1s 
nearly complete (t+ - 47 min.). However, the C2* compound gives a s ing le  peak even a t  
t h i s  high resolution. Apparently, t h e  material isolated by preparative GC is  appreci- 
ably contaminated by neighboring components. 

Similarly,  cross-scanning f o r  s teranes has been done by molecular ion and frag- 
ment i ons  d e  217 and 231, and fragment ions m/e 149 and 151. 
base fragment of s teranes and m/e 231 is the base ion of sterane compounds bearing a 
ske le t a l  methyl group. The r a t i o  of m/e 149 and 151 ions allows discrimination bet- 
ween the s= and 5B stereoisomers of t h e  sterane series. We have iden t i f i ed  s teranes 
ranging from C21 t o  C29 and work is still i n  progress. 
the GC/MS scanning of one of t he  GPC fract ions i n  which the steranes a re  concentrated. 
Thus, i n  t h i s  f ract ion the  following could be ident i f ied:  
(terpane? m/e 191) C19H32 (mass 260), a t r i c y c l i c  compound (m/e 191) C20H36 (mass 2761, 
a t e t r acyc l i c  hydrocarbon C20H34 (mass 274), mixed peaks consisting of C 
ane and C20 sterane,  C22 methylsterane and sterane,  C23 methylsterane ani sterane,  a 
C24H42 t e t r acyc l i c  terpane (m/e 191), a C27H48 t e t r acyc l i c  terpane (mass 372) and a 
C2, hopane. 

column. The GC/MS equipment used f o r  the measurements (MS-12 mass spectrometer inter-  
faced to a Nova DS-50 da ta  system) d i d  not permit t he  use of WCOT columns without mod- 
i f i c a t i o n s  t o  the sample introduction system i n  the MS. On the other hand the advantage 
of t h i s  system is the p o s s i b i l i t y  of s to r ing  the large number of spectra  (500 t o  600 
scans) and r eca l l i ng  any mass chromatogram o r  t h e i r  combination off-l ine.  
t i on  achieved on the c l a s s i c a l  l i qu id  chromatography column and the resul t ing concen- 
t r a t i o n  of the  hopanes i n  t w o  of the fract ions indicated that the length of time in- 
volved i n  the procedure could be .substantially shortened i f  the eff ic iency of the col- 
umn were increased. The hopanes should be easy to  i s o l a t e  under such circumstances 
since they a r e  the highest  molecular weight representatives of the compound spectrum of 
the saturate fraction. This expectation was confirmed by experiment. The t o t a l  satur- 
ate fract ion ( a b u t  1 g)  was injected on a 2 cm i.d. x 4' column packed with 37-63 )m 
p a r t i c l e  s ize  alumina and eluted with n-pentane using a Chromatronix pump a t  a flow 
f a t e  of 18 ml/min. t o  give the  chromatogram shown i n  Figure 16. Cutting i n t o  subfrac- 
t ions as shown i n  Figure 16 afforded two main fract ions,  t he  gas chromatograms of 
which are compared i n  Figure 17. These chromatograms show t h a t  upon proper cut t ing,  
the hopanes can be very w e l l  separated from the total  saturates  and be i so l a t ed  i n  one 
preparative s t ep  i n  only 35 minutes. Thus, an increase i n  the number of theoret ical  
p l a t e s  t o  only about 400/m yielded a reasonably pure hopane fraction. 

The use of high performance alumina columns (pa r t i c l e  s i ze  10 or 5 pm) would 
fur ther  improve.the separation. However, the low loadabi l i ty  of such columns, the 
high back pressures generated when t h e  column is  used a t  optimum conditions and the 
high c o s t  of such columns indicate  t h a t  a compromise solution, e.g. the use  of 18-32 
Um Par t i c l e  s i ze  i n  a preparative column, should give the best  r e su l t s .  
problem related with the use of alumina columns which should n t be overlooked i s  the 
'Strong influence of i ts  water content on k-values. ENGELHARDT described a simple 
aSSemblY which is capable of adjust ing the water content and thus k-values t o  a selected, 
constant value. We have, however, preferred t o  work with a non-linear isotherm a s  il- 
lustrated in  the chromatogram i n  Figure 16 using f u l l y  activated (4OOOC) alumina and 
freshly dried eluent (n-pentane). 

This procedure f o r  the separat ion and iden t i f i ca t ion  of the hopane consti tuents 
i n  the saturated hydrocarbon f r ac t ion  is r e l a t ive ly  simple and f a s t ,  and mreover the 

Figure 13 c l ea r ly  shows that the s e p  

It is  also noteworthy that the ratios of t he  pairs of diastereoisomers 

The ion m/e 217 is a 

Figure 15 is an example of 

a t e t r acyc l i c  compound 

methylster- 

Also, minor amounts of C29, C30 and Cjl ho$nes were present. 
It was important t h a t  a f a i r l y  good separation be achieved on a conventional GC 

The separa- 

An additional 

8 

28 



capi l la ry  GC r e s u l t s  indicate  t h a t  t h e  component d i s t r i b u t i o n  can be accurately quan- 
t i f i e d .  A large number of comparative analyses can be performed rout inely,  possible  
var ia t ions i n  the d is t r ibu t ion  and ratios of diastereoisomers can be accurately deter-  
mined and therefore the  importance of these var iables  with regard t o  the  geochemical 
his tory of the bitumen can be evaluated on a more quant i ta t ive  basis. 
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APPENDIX 

Experimental Details for  Figures 1-17: 

Figure 1 - G a s  chromatographic analysis  of sa tura te  fractions eluted from alumina. 
Left: 6' x 1/8" column, 3% Poly S-179 phase on Chromosorb W-AW (100/120 
mesh); T 
Right: 
mesh); T1 220, T2 36OoC; tl 1 min., r a t e  6'/min., F 21 ml/min., Attn. 256x. 
STD: 
C36 i n  n-hexane. 

220, T2 32OOC; tl 5 min., r a t e  4'/min., F 32, A t t n .  256x. k' x 1/8" column, 3% Dexsil 300 phase on Chromosorb W-AW (100/120 

mixture of n-alkanes Cll, C13, C15, '219, C20, C22, C24, C28, C32 and 

Figure 2 - HPLC t e s t  for the presence of monoaromatics i n  t h e  s a t u r a t e  f rac t ions  eluted 
from alumina. Column: 
18-32 pm. Eluent: n-heptane, R I  detector ,  P 220 psi, F = 6 ml/min. 

70 cm x 1/4" alumina Woelm + 3% H 2 0 ,  p a r t i c l e  s ize  

Figure 3 - Mass chromatograms (m/e 191, m/e 217) of the  thiourea non-adduct of t h e  sat- 
urate f rac t ion  #7 from alumna. Column: 6' x 1/8", 3% Dexsil 300 on Chrom- 
osorb W-AW (100/120). Conditions same a s  i n  Figure 1. GC/MS system: AEI 
MS-12 interfaced t o  an HP-5830A gas chromatograph via  a heated t ransfer  l ine 
and a Watson-Biemann type separator. Data system Nova DS-50. 

Figure 4 - a) GPC separation of f rac t ion  # 5  from alumina. 
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b) GEC separation of f r ac t ion  #6 from alumina. 
c )  GPC separation of f r ac t ion  # 7  from alumina. 
Columns: and 500 1 Styragel (Waters Assoc.) pa r t i c l e  
s ize  37-75  pm, 4 '  x 3/8" each, e luent  methylene chloride,  R I  and W (254 nm) 
detectors ,  F = 3 ml/min. 

60 i, 100 8 ,  200 

Figure 5 - Gas chromatograms of selected GPC f r ac t ions  derived from fract ion # 5  from 
alumina. 

Figure 6 - Gas chromatograms of selected GPC f r ac t ions  derived from fract ion # 6  from 
alumina. 

Figure 7 - Gas chromatograms of selected f r ac t ions  derived from fract ion #7 from alumina. 
A l l  chromatograms i n  Figures 5-7 were run on a 3% Dexsil 3 0 0  column, condi- 
t ions as i n  Figure 1. 

Figure 8 - Preparative gas chromatogram of the hopane concentrate f ract ion.  
Column: 8' x 1/4", 3% Dexsil 300, TCD, isothermal 3OO0C, F = 60 ml/min. 
Cutting points  a r e  marked i n  the  chromatogram. 

Figure 9 - GC test of t h e  pu r i ty  of the isolated hopanes. Column same a s  in  Figure 1, 
isothermal 3OO0C, F = 2 0  ml/min. 
2 = CZ7 hopane, 4 = C29 hopane, 5 = C30 hopane. 

Figure 10- a) High-resolution mass spectrum of C29 hopane. 
b) High-resolution mass spectrum of C30 hopane. 
Instrument: AEI MS-50. 70 eV, d i r e c t  probe. 

Figure 11- 13C n.m.r .  chemical s h i f t  l i n e  diagrams of C30 hopane from Athahsca bitumen 
and published8 spectra .  

Figure 12-  Mass chromatograms of GPC f r ac t ion  #9 from alumina fract ion #7. 

Figure 13- Gas chromatogram of t h e  hopane s e r i e s  on a SCOT column (N - 28,000) coated 
with W-101 on Silanox-101. 0.2 u1 sample, Attn. 128x; T1 2OO0C, T2 28OOC; 
tl 10 rnin., rate 2O/min. 

Figure 14- High-resolution GC of the hopane se r i e s  on a WCOT column (N - 80,000) ,  0.2 p1 
sample, s p l i t  r a t i o  approx. l : l O ,  Attn. 16x. isothermal 280°C. 

Figure 15- Mass chromatograms of GPC f r ac t ion  #13 from.alumina f r ac t ion  #6. Column type 
and conditions as i n  Figure 1. 

Figure 16- Preparative HPLC of t h e  t o t a l  s a tu ra t e  f r ac t ion  from the Athabasca bitumen. 
Column: 4 '  x 2 c m  i.d., alumina 37-63 pm ( fu l ly  act ivated) ,  eluent n-pentane; 
F = 18 ml/min., FU detector.  

Figure 17- Gas chromatograms of f r ac t ions  I and I1 from Figure 16 on a SCOT column (OV- 
101, Silanox-101); sample 0 . 2  ~ 1 .  
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Fig. 9 - Gc test of the purity of the isolated hopanes 
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Fig. 12 - Mass chrcmatograms of GFC fractim #9 fm d u n h  
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ABSTRACT 

The recovery of energy from o i l  s h a l e  has  been i n v e s t i g a t e d  f o r  w e l l  over 
a hundred years .  O i l  s h a l e  i n d u s t r i e s  have e x i s t e d  i n  a number of coun t r i e s  
including an i n f a n t  i ndus t ry  i n  t h e  e a s t e r n  United S t a t e s  t h a t  was terminated 
a f t e r  t h e  discovery of petroleum i n  Pennsylvania.  Research on o i l  s h a l e  
processing has no t  kep t  pace w i t h  t h e  increased demand f o r  l i q u i d  hydrocarbons 
used a s  f u e l s  and petrochemical feedstocks.  With t h e  p re sen t  day demand f o r  
l i q u i d  hydrocarbons and t h e  a v a i l a b i l i t y  of petroleum, inc reas ing  i n t e r e s t  i n  
o i l  s h a l e  processing is ev iden t .  P o t e n t i a l  s h a l e  o i l  product ion i n  t h e  United 
S t a t e s  i n  t h e  inmediate  f u t u r e  depends on aboveground r e t o r t s  developed by t h e  
U.  S.  Bureau of Mines and by a l imi t ed  number of p r i v a t e  companies s h o r t l y  
a f t e r  World War 11. 
ogy may also be  an a l t e r n a t i v e  method f o r  s h a l e  o i l  production. 

Recent developments i n  modified i n  s i t u  r e t o r t i n g  technol- 

INTRODUCTION 

Inc reas ing  demand f o r  hydrocarbons both f o r  f u e l s  and f o r  chemical feed- 

O i l  
s tocks and the  cu r ren t  awareness of t h e  f i n i t e  n a t u r e  of petroleum depos i t s  
r e s u l t s  i n  renewed i n t e r e s t  i n  a l t e r n a t e  sources  of f o s s i l  hydrocarbons. 
sha l e  i s  one of t h e  a l t e r n a t e  sources  being considered because organic-bearing 
sha le s  a r e  loca t ed  throughout t h e  world. Production of o i l  from s h a l e  on a 
l imi t ed  s c a l e  has  occurred i n  s e v e r a l  coun t r i e s ,  but  product ion has never reached 
a s i g n i f i c a n t  l e v e l  r e l a t e d  t o  t h e  p re sen t  day world requirements.  
United S t a t e s ,  a f t e r  an i n f a n t  o i l  s h a l e  indus t ry  was terminated by t h e  discovery 
of petroleum i n  Pennsylvania,  t h e  major a c t i v i t y  was a r e sea rch  program s t a r t e d  
by the Uni t ed  S t a t e  Bureau of Mines. 

I n  t h e  

During World War 11, t h i s  r e sea rch  a c t i v i t y  was i n t e n s i f i e d  and i t  i s  
p resen t ly  being continued by t h e  United S t a t e s  Energy Research and Development 
Administration a s  we l l  a s  by s e v e r a l  agencies  i n  t h e  United S t a t e s  Department 
of the I n t e r i o r .  
i n  Braz i l ,  a r e  p re sen t ly  conduct ing,  o r  were i n  the r ecen t  p a s t ,  conducting 
research on o i l  s h a l e  r e t o r t i n g  processes .  
s e v e r a l  of these  processes  f o r  t h e  product ion of s h a l e  o i l  w i l l  be  reviewed. 

Several  p r i v a t e  companies i n  t h e  United States, and Petrobras  

In t h i s  paper t h e  p o t e n t i a l  of 

BACKGROUND 

For w e l l  over 100 yea r s ,  o i l  s h a l e  has  been processed t o  produce hydro- 
carbon products.  
r e t o r t s  t o  produce f u e l s ,  waxes,  and chemicals.  
were conducted, b u t  t h e  most s i g n i f i c a n t  was t h e  Glen Davis p l a n t  operated i n  
N e w  South Wales. 
F e l l  t ype  were i n  ope ra t ion  processing 700 t o  800 tons  of 70-gallon-per-ton o i l  

I n  1859, a S c o t t i s h  o i l  s h a l e  indus t ry  began using small  v e r t i c a l  
I n  Aus t r a l i a  numerous operat ions 

A t  one t i m e  about  100 v e r t i c a l  k i l n  r e t o r t s  of the  Pumpherston- 
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s h a l e  D e r  day (12).' 
2 x 10' g a l l o n s o f  s h a l e  o i l  (5). 

During World War 11, Aus t r a l i an  ope ra t ions  producted over  

I n  Sweden a w a r t i m e  ope ra t ion  wi th  an i n i t i a l  capac i ty  of 95,000 b a r r e l s  
This  ope ra t ion  u t i l i z e d  aboveground r e t o r t s  of o i l  per  year  w a s  e s t ab l i shed .  

and an i n  s i t u  ope ra t ion  (13) . 
Of e l e c t r i c a l  hea t ing  t h a t  u t i l i z e d  t h e  p re s su res  generated by hea t ing  to  
fo rce  t h e  products  t o  recovery w e l l s .  

The i n  s i t u  ope ra t ion  was based on a system 

In China and t h e  USSR o i l  sha l e  process ing  has  been i n  ope ra t ion  f o r  
many years .  These opera t ions  produced o i l  and gas  and, i n  Es tonia  (E-=), 
s h a l e  w a s  used f o r  f i r i n g  a power p l a n t .  
coun t r i e s  are spa r se .  

Data on  r ecen t  ope ra t ions  i n  these  

A Braz i l i an  o i l  s h a l e  research  e f f o r t  appears  t o  be  w e l l  advanced. 
Beginning i n  1950, t h e  P e t r o s i x  r e t o r t i n g  process was expanded t o  a 2,200- 
ton-per-day demonstration f a c i l i t y  by 1973. 

RETORTING RESEARCH I N  THE UNITED STATES 

I n  1944, t h e  Syn the t i c  Liquid Fuels Act au thor ized  t h e  Bureau of Mines t o  
The o i l  s h a l e  work was begin  work on conver t ing  o i l  s h a l e  t o  l i q u i d  f u e l s .  

d iv ided  e s s e n t i a l l y  i n t o  two p a r t s .  
t h e  Petroleum Experiment S t a t i o n  loca ted  i n  Laramie, Wyo., and a demonstration 
p l an t  was cons t ruc ted  a t  t h e  Anvil Po in t s  F a c i l i t y  nea r  R i f l e ,  Colo. 

Development of t h e  Gas-Combustion Retor t ing  Process (1) 

The l abora to ry  r e sea rch  and conducted a t  

Recovery of s h a l e  o i l  from o i l  s h a l e  i s  based on a simple thermal  de- 
composition of t he  s o l i d  organic  subs tance  i n  o i l  s h a l e  which is known a s  
kerogen. When heated s u f f i c i e n t l y  t h e  s o l i d  organic  m a t e r i a l  decomposes t o  
form o i l ,  gas ,  and a spen t  s h a l e  cons i s t ing  of carbonaceous and inorganic  
res idue .  These r eac t ions  have been used as a b a s i s  f o r  a number of processes ,  
bu t  most of t hese  processes  have proved u n s a t i s f a c t o r y  from t h e  s t andpo in t  of 
economics, o r  o p e r a b i l i t y ,  o r  both.  O i l  s h a l e  r e t o r t s  e s s e n t i a l l y  are hea t  
exchangers f o r  t r a n s f e r r i n g  hea t  from a hea t ing  medium t o  t h e  sha le .  They may 
be divided i n t o  fou r  gene ra l  c l a s s e s  based on t h e  method of h e a t  app l i ca t ion .  

Class Method of H e a t  Appl ica t ion  Examp l e  s 
1 Heat i s  t r ans fe r r ed  t o  t h e  s h a l e  through Pumpherston, 

a w a l l .  Hayes, Berg 

11 Heat i s  t r a n s f e r r e d  t o  t h e  s h a l e  from t h e  N-T-U, Union O i l  
combustion occurr ing  i n  t h e  r e t o r t  by Co., P in t sch ,  
burning product gases  and t h e  r e s i d u a l  
carbon i n  t h e  r e t o r t e d  sha le .  gas-combus t ion 

Bureau of Mines 

111 

1v 

Heat i s  t r ans fe r r ed  t o  t h e  s h a l e  by pass- Swedish I n d u s t r i a l ,  
ing  previous ly  hea ted  gases  o r  l i q u i d s  
through t h e  s a l e  bed. gas-flow, Royster 

Bureau of Mines 

Heat i s  t r ans fe r r ed  t o  t h e  s h a l e  by in-  Standard O i l  Co. 
t roduc t ion  of ho t  s o l i d s  i n t o  t h e  f l u i d i z e d  bed, 
r e t o r t i n g  bed. Bureau 'of Mines 

hot -so l ids -contac t ,  
Aspeco, TOSCO 

1 Underlined numbers i n  parentheses  r e f e r  t o  i t e m s  i n  t h e  l i s t  of r e fe rences  
at  t h e  end of t h i s  r epor t .  
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The most d e s i r a b l e  process  f o r  r e t o r t i n g  Colorado O i l  s h a l e  should meet 
a s  many of t h e  fol lowing requirements a s  poss ib l e :  

1. 
2 .  
3.  
4 .  

5. 

6. 

7. 

8. 

9. 

It should be cont inuous.  
I t  should have a high f eed  r a t e  pe r  u n i t  c ros s - sec t iona l  a r ea .  
It should have high o i l  recovery e f f i c i e n c y .  
I t  should r e q u i r e  a low c a p i t a l  investment ,  and possess a high 
operat ing t i m e  f a c t o r  w i th  low ope ra t ing  cos t s .  
It should be thermally s e l f - s u f f i c i e n t ;  t h a t  is, a l l  hea t  and 
energy requirements should be suppl ied without  burning any of 
t h e  product o i l .  
I t  should be  amenable t o  enlargement i n t o  high-tonnage r e t o r t s  
r a t h e r  than t o  a m u l t i p l i c i t y  of small  u n i t s .  
It should r e q u i r e  l i t t l e  o r  no water  because t h e  Green River o i l  
s h a l e  depos i t s  a r e  l o c a t e d  i n  an a r i d  region.  
I t  should be capable  of e f f i c i e n t l y  processing o i l  s h a l e  of a 
wide range of p a r t i c l e  s i z e s  t o  minimize crushing and screening.  
I t  should be mechanically s imple,  e a s i l y  operable.  

A t  t h e  Anvil Po in t s  F a c i l i t y ,  t he  Bureau of Mines began a n  inves t iga -  
t i o n  t h a t  l e d  t o  t h e  development of t h e  gas-combustion r e t o r t i n g  process .  
This i n v e s t i g a t i o n  included a s tudy of t h e  N-T-U process ,  the Royster 
process ,  and the  gas-flow process  be fo re  t h e  gas-combustion process  was 
developed. Of  a l l  of t h e  p rocesses  s tud ied ,  t h e  gas-combustion process  
comes c l o s e s t  t o  f i t t i n g  t h e  above-l is ted d e s i r a b l e  c h a r a c t e r i s t i c s .  

The gas-combustion r e t o r t i n g  process fs cha rac t e r i zed  by i t s  use of 
continuous g r a v i t y  flow of s h a l e ,  d i r e c t  gas-to-solids hea t  exchange, and 
hea t  supply by i n t e r n a l  combustion. The e s s e n t i a l s  of t h e  process  a r e  
i l l u s t r a t e d  in  f i g u r e  1. The r e t o r t  i s  a v e r t i c a l ,  r e f r ac to ry - l ined  s h a f t  
equipped with sha le -  and gas-handling devices .  It is convenient t o  d iv ide  
t h e  r e t o r t  i n t o  four  f u n c t i o n a l  zones,  although t h e r e  i s  no phys ica l  sep- 
a r a t i o n ,  and no  d e f i n i t e  d iv id ing  l i n e  between these  zones. 

Crushed and s i z e d  s h a l e  moves downward a s  a bed through t h e  r e t o r t  
v e s s e l ,  passing through t h e  product cool ing zone where t h e  s o l i d  p a r t i c l e s  
a r e  heated almost t o  r e t o r t i n g  temperature by t h e  r i s i n g  gases  from the  
r e t o r t i n g  zone. It then passes  downward i n t o  t h e  r e t o r t i n g  zone where t h e  
organic  matter i s  decomposed by hea t  t o  l i b e r a t e  o i l  vapor and gas.  A car- 
bonaceous r e s idue  from t h i s  r e a c t i o n  remains a s  p a r t  of t h e  r e t o r t e d  s h a l e  
p a r t i c l e s .  The r e t o r t e d  s h a l e  nex t  proceeds t o  t h e  combustion zone, where 
t h e  sus t a in ing  h e a t  f o r  t h e  process  is produced by burning t h e  o rgan ic  
r e s idue  on the s h a l e  p lus  a p a r t  of t h e  product gas  which is re tu rned  t o  
t h e  system. From t h i s  h o t  zone, t h e  s h a l e  moves down through t h e  h e a t  
recovery zone where its h e a t  i s  t r a n s f e r r e d  t o  t h e  r i s i n g  stream of r ecyc le  
gas .  The cooled,  spent  s h a l e  is discharged from t h e  r e t o r t  mechanically a t  
a con t ro l l ed  r a t e ,  which governs t h e  r e t o r t  throughout.  

Recycle g a s ' d s  i n j e c t e d  a t  t h e  bottom of t h e  v e s s e l  and rises through 
t h e  spen t  s h a l e  i n  the  h e a t  recovery zone. I n  e f f e c t ,  t h i s  zone is a simple 
countercurrent ,  gas- to-sol ids  h e a t  exchanger. An a i r  d i s t r i b u t i o n  dev ice  i s  
located near  t h e  c e n t e r  of t h e  r e t o r t  where a i r ,  d i l u t e d  with p a r t  of t h e  
c i r c u l a t i n g  r e t o r t  gas ,  i s  i n j e c t e d .  
ho t  spent  s h a l e ;  r e a c t i o n  of t h e  oxygen with combustibles produces a hot  f l u e  

This mixture  is heated quickly by t h e  
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gas. The ho t  f l u e  and r ecyc le  gases  rise i n  contac t  wi th  the  descending r a w  
sha le  i n  t h e  r e t o r t i n g  zone, and t h e  s o l i d s  are hea ted  enough t o  e f f e c t  
theremal decomposition of t h e  kerogen i n  t h e  sha le .  The l i b e r a t e d  gases and 
o i l  vapors, commingled wi th  t h e  upward r i s i n g  gas  stream, are cooled by t h e  
en ter ing  r a w  sha le .  In t h e  product cool ing  zone , the  gas stream is cooled 
and the o i l  condenses as a f i n e  m i s t  o r  fog and i s  c a r r i e d  o u t  of t he  top  of 
t he  r e t o r t .  Both t h e  r e t o r t i n g  and cooling zones are, i n  e f f e c t ,  counter- 
cur ren t  gas-to-solids hea t  exchangers. However, t h e i r  func t ion ing  i s  
complicated by r e t o r t i n g  r e a c t i o n s  and by o i l  condensation. 

The overhead stream from t h e  r e t o r t  passes  f i r s t  through oil-mist  
separa tors  t o  recover the  s h a l e  o i l .  The o i l - l ean  gas  then  e n t e r s  a blower 
from which i t  l eaves  a t  h ighe r  p re s su re  and i s  d iv ided  i n t o  t h r e e  streams. 
One pa r t  ( d i l u t i o n  gas )  i s  i n j e c t e d  wi th  a i r  i n t o  t h e  cen te r  of t h e  r e t o r t .  
Another p a r t  ( recyc le  gas) e n t e r s  t he  bottom of t h e  r e t o r t ,  and t h e  remain- 
der  (net product gas )  is vented from t h e  system. 

The t y p i c a l  material ba l ance  and p e r t i n e n t  temperatures a r e  shown i n  
t a b l e  1. These d a t a  r e f l e c t  an a c t u a l  test  per iod  dur ing  which 2,000 pounds 

TABLE 1. - Typica l  gas-combustion r e t o r t  material 
q u a n t i t i e s  and temperatures 

Weight, Volume, Temperature, 
pounds s t d  cu f t  OF 

Mater ia l  in: 
Shale  
Recycle gas 
Di lu t ion  gas 
A i r  

2,000 -- 
1,134 14,850 

148 1,940 
294 3,840 

Mater ia l  ou t :  
Retorted s h a l e  1,611 -- 
Product o i l  196 
To ta l  r e t o r t  gas  1,769 23,170 

-- 

60 
129 
129 
91 

166 
129 
129 

of raw s h a l e ,  assaying  26.7 g a l l o n s  per  ton ,  were charged t o  t h e  r e t o r t  a t  
60°F. 
ed sha le  were discharged a t  a temperature of 166'F, and 25.2 ga l lons  of 
o i l  weighing 196 pounds were produced. 
d i l u t i o n  g a s ,  and a i r  i n j e c t e d  t o  the  r e t o r t  w a s  20,630 s c f .  The t o t a l  gas  
d ischarge  w a s  23,170 s c f ,  r ep resen t ing  a volume inc rease  of 2,540 cu f t  as 
the  r e s u l t  of va r ious  r e a c t i o n s  wi th in  t h e  r e t o r t ,  such as t h e  evo lu t ion  
of gas from cracking  o rgan ic  matter, and product ion  of carbon d ioxide  from 
decomposing minera l  carbonates .  N e t  product gas  vented  amounted t o  6,380 
s c f .  The hea t ing  va lue  of t h i s  gas  va r i ed  from 80 t o  100 Btu p e r  s c f  and, 
w i t h  p rehea t ing ,  t h e  gas could be  used as f u e l  f o r  gas tu rb ines  or waste- 
hea t  b o i l e r s .  
as the  weight of r a w  s h a l e  charge.  

Most of t h e  s t u d i e s  were made a t  mass s h a l e  rates between 200 and 300 
lb / (h r )  sq f t .  r e t o r t  bed area. 
of about 3 t o  4.5 f e e t  p e r  hour. 

Under t h e  r e t o r t i n g  condi t ions  of t h i s  t es t ,  1 ,611  pounds of r e t o r t -  

The t o t a l  volume of r ecyc le  gas ,  

The weight of g a s  moved by t h e  gas  blower w a s  about t he  same 

This i s  equiva len t  t o  a s h a l e  bed movement 
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The r eac t ions  wi th in  the gas-combustion r e t o r t  a r e  complex, and a study 
of t h i s  phase of r e t o r t i n g  was not completed when the  p r o j e c t  w a s  terminated. 
Numerous combustion and r e l a t e d  r eac t ions  are poss ib l e  among t h e  var ious  
gases,  l i q u i d s ,  and s o l i d s  present .  These materials inc lude  a i r ,  carbon 
d ioxide ,  carbon monoxide, hydrogen, water vapor ,  hydrocarbon gases ,  s h a l e  
o i l  and bitumens, carbon, and var ious  su l fu r -  and nitrogen-bearing m a t e r i a l s ,  
in add i t ion  t o  many minera ls .  

Because of t h e  complexity of t h e  combustion and thermal decomposition 
r eac t ions ,  i t  was necessary t o  assume s impl i f i ed  cond i t ions  in c a l c u l a t i n g  
hea t  balances.  Decomposition of p a r t  of t h e  magnesium and calcium cabonates 
i n  the s h a l e  is an important endothermic r eac t ion .  Es t imat ion  of t h e  ex ten t  
of t h i s  r eac t ion  was r e l a t i v e l y  s i m p l e  through comparison of t h e  amount of 
carbon d ioxide  i n  the  vent gas wi th  t h a t  expected from combustion r eac t ions .  
Other mineral  r eac t ions  a l s o  may take p lace ,  such a s  ox ida t ion  of p y r i t e s  i n  
the  s h a l e  t o  produce s u l f u r  d ioxide  o r  s u l f a t e s ,  and combination of s i l i c a t e s  
with calcium o r  magnesium oxides.  

The gas-combustion process is notable  f o r  its high thermal e f f i c i ency .  
Because a l a r g e  p a r t  of t he  s e n s i b l e  hea t  of t h e  r e t o r t e d  s h a l e  is recovered, 
i t  is necessary t o  add only about 400,000 Btu per  ton of sha le .  This low 
hea t  requirement is a d i s t i n c t  advantage, because i t  may be m e t  by combustion 
of the e a s i l y  burned po r t ion  of t he  carbonaceous r e s idue  near t h e  su r face  of 
t he  r e to r t ed  s h a l e  p a r t i c l e s ,  and by combustion of a p a r t  of t h e  gas.  There 
is no ind ica t ion  t h a t  combustion r a t e s  l i m i t  t h e  capac i ty  of t h e  gas- 
combustion process.  The l i m i t s  seem r a t h e r  t o  be in such f a c t o r s  a s  i nc reas ing  
pressure  drop through the bed, and the  tendency f o r  f i n e  s h a l e  p a r t i c l e s  t o  
become ent ra ined  i n  t h e  gas stream as throughput is increased .  

The endothermic carbonate decomposition r eac t ions  absorb about 160,000 
Btu per ton  of s h a l e  under normal gas-combustion r e t o r t i n g  condi t ions .  
t he  presence of minera l  carbonates he lps  d i s s i p a t e  excess hea t ,  when processing 
d i f f i c u l t i e s  might otherwise r e s u l t  in temperatures high enough t o  cause 
severe fus ion  of sha le .  
t he  maximum s h a l e  temperature t o  about 1,60OoF, s e v e r a l  hundred degrees below 
the fus ion  po in t  of t h e  inorganic  mat te r  t h a t  is present .  

Thus 

I n  gene ra l ,  carbonate decomposition tends  t o  l i m i t  

The mechanical s i m p l i c i t y  of t he  gas-combustion r e t o r t  is a p a r t i c u l a r l y  
advantageous f e a t u r e .  
d i s t r i b u t i o n  devices are s t a t i o n a r y .  Raw and spen t  s h a l e  handling presents  
few problems because of t h e  low temperatures and mechanical fo rces  involved. 
The a i r  d i s t r i b u t o r  a t  the  combustion zone is the  m o s t  c r i t i c a l  p a r t  of the 
system, and t h i s  r equ i r e s  s p e c i a l  cons idera t ions  i n  design. arrangement, 
mater ia l  s e l e c t i o n ,  and opera t ion  technique. 

The r e t o r t  v e s s e l  i s  s i m p l e ,  and bo th  gas and s h a l e  

From the ou t se t  of t h e  experimental  work at  Anvil  P o i n t s ,  i t  w a s  observed 
t h a t  the gas streams from r e t o r t s  usua l ly  contained s h a l e - o i l  m i s t .  However, 
t he  p o t e n t i a l  b e n e f i t  of t he  phenomenon was not  r ea l i zed  u n t i l  t e s t s  showed 
t h a t  the product o i l  could be.removed as  a m i s t  c a r r i ed  i n  t h e  gas stream. 
This d i scovery ,  a fundamentally new concept in o i l  sha l e  r e t o r t i n g ,  suggested 
an approach t o  r e t o r t i n g  and o i l  recovery t h a t  l ed  t o  t h e  development of t h e  
gas-combustion process .  

Sha le-o i l  m i s t  forms i n  t h e  retort j u s t  above t h e  r e t o r t i n g  zone, which 
The downward moving o i l  s h a l e  i n  e f f e c t  is a countercur ren t  hea t  exchanger. 

is heatedgmost  t o  r e t o r t i n g  temperature,  and . the  r i s i n g  gases  and vapors a r e  
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DATUM TEMPERATURE, 60 O F  

GAS 
23,200 STD CU FT = 1,790 LB 

OIL, LIQUID 
2219 LB 130 O F  

RAW SHALE 
2,000 LB 60 O F  

0 BTU b t I 
b 

---I 40,000 BTU TOTAL 
HEAT LOSS 
3,000 BTU 

EVAPORATION 
OF WATER 4-1 
10,000 BTU 

HOT RAW SHALE 
700 O F  

390,000 BTU 

GAS AND OIL VAPOR 
750 O F  

443,000 BTU TOTAL 
- 

RECYCLE GAS -3- 
I 

RETORTED SHALE 

FIGURE 2. - MIST FORMATION SECTION OF THE GAS-COMBUSTION RETORT. 
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a r e  cooled t o  t h e  temperature of t h e  r e t o r t  o u t l e t .  
Of t h i s  s ec t ion .  Conditions a t  t h e  upper end a r e  known because they can be  
measured d i r e c t l y ,  b u t  t h e r e  is no sharp  sepa ra t ion  of the zones of r e t o r t -  
ing and product cool ing .  For purposes of t h i s  d i scuss ion ,  a s h a l e  tempera- 
t u r e  of 700°F has  been assumed as a d iv id ing  po in t .  This  is about t h e  
temperature a t  which the  rate of kerogen decomposition becomes apprec iab le ,  
SO i t  may be considered t h e  p l ace  a t  which t h e  r e t o r t i n g  zone begins .  

F igure  2 is a diagram 

Typical condi t ions  e x i s t i n g  around t h e  mist-formation s e c t i o n  are noted 
on f i g u r e  2 .  
t o  each ton  of sha le .  
po r t ion  of t h i s  hea t  quan t i ty ,  about 100,000 Btu. For the p resen t  purpose,  i t  
i s  assumed t h a t  no water vapor condenses i n  t h e  upper p a r t  of t h e  m i s t -  
formation sec t ion ,  even though t h i s  assumption probably i s  no t  always c o r r e c t .  

About 400,000 Btu's of h e a t  a r e  t r a n s f e r r e d  from t h e  gas s t ream 
Condensation of t h e  o i l  vapor r ep resen t s  a s u b s t a n t i a l  

I f  t h e  r e t o r t  i s  opera t ing  s a t i s f a c t o r i l y ,  o i l  condenses i n  t h e  upper 
s e c t i o n  a s  a f i n e  m i s t  which i s  e a s i l y  c a r r i e d  out  wi th  t h e  gas.  

The gene ra l  requirements f o r  e f f i c i e n t  removal of m i s t  from a r e t o r t  
can be determined from s tudy  of t he  upper s e c t i o n  of t h e  r e t o r t .  The usua l  
p r i n c i p l e  of mechanical entrainment does no t  ope ra t e  because the  gas v e l o c i t y  
i s  too low t o  ca r ry  l a r g e  o i l  d rops ,  and any condensed o i l  depos i ted  on s h a l e  
p a r t i c l e s  w i l l  descend t o  t h e  r e t o r t i n g  zone wi th  t h e  moving bed. 
o i l  i s  t o  leave  t h e  r e t o r t  as m i s t  i n  t he  of fgas  stream, t h e  d r o p l e t s  must 
be formed i n  t h e  spaces between the  s h a l e  p a r t i c l e s ,  and must be  s m a l l  enough 
so t h a t  i n e r t i a l  s epa ra t ion  does no t  occur as they a r e  c a r r i e d  upward by the  
gases  through s e v e r a l  f e e t  of s h a l e  bed. 

I f  t h e  

Some condensation and depos i t i on  of o i l  on t h e  p i eces  of s h a l e  is con- 
s ide red  unavoidable.  It i s  be l ieved  t h a t  even under the  b e s t  cond i t ions  a 
t h i n  f i lm  of o i l  is present  on a l l  p a r t i c l e s  of s h a l e  e n t e r i n g  t h e  r e t o r t i n g  
zone. A r e f lux ing  problem occurs when t h e  amount of o i l  on t h e  s h a l e  i s  
g r e a t  enough t o  drop o r  flow down through t h e  bed of s h a l e .  

O i l  on the  p i eces  of s h a l e  is  subjec ted  t o  inc reas ing  temperature a s  
t he  bed moves toward t h e  r e t o r t i n g  zone, and p a r t  of t h e  o i l  r e d i s t i l l s .  
However, t he  heavier  ' f r ac t ions  are thermally cracked be fo re  reaching  t h e i r  
bo i l i ng  poin t .  Only about ha l f  d a  gas-conbustion crude o i l  d i s t i l l s  a t  
atmospheric p re s su re  i n  t h e  s tandard  l abora to ry  d i s t i l l a t i o n  test .  Crack- 
ing of t h e  heavier  f r a c t i o n  forms l i g h t e r  o i l ,  gas ,  and coke. Most of t h e  
l i g h t e r  o i l  is recoverable ,  bu t  t he  gas and coke r e p r e s e n t  a l o s s  i n  y i e l d  
of primary product.  Thus, r e f lux ing ,  i f  uncont ro l led ,  can  r e s u l t  i n  sub- 
s t a n t i a l  l o s ses  and a l t e r e d  products .  

Runs may be  c l a s s i f i e d  e i t h e r  a s  r e f lux ing  o r  nonref luxing ,  depending 
on t h e  p r o y r t i e s  of t h e  product and on opera t ing  c h a r a c t e r i s t i c s .  Equilib- 
rium i s  s t a b l e  under e i t h e r  type of ope ra t ion ,  so t h a t  s u b s t a n t i a l  changes 
a r e  needed t o  s h i f t  from one type t o  t h e  o the r .  Within some opera t ing  ranges 
a r e f lux ing  type of equi l ibr ium may e x i s t  o r  no t  depending upon condi t ions  
a t  t h e  ou t se t  of a run. Data from runs 236 and 241, shown i n  t a b l e  2 ,  
i l l u s t r a t e  t h i s  phenomenon. Run 241 was planned t o  d u p l i c a t e  2 3 6 ,  but  t h e  
r e s u l t s  were q u i t e  d i f f e r e n t  even though t h e  opera t ing  cond i t ions  apparent ly  
were matched. Comparison of t h e  two runs  shows t h a t  o i l  from run  241 was 
l i g h t e r ,  the  v i s c o s i t y  and t h e  carbon r e s idue  were lower,  and t h e  o i l  y e i l d  
was g r e a t l y  reduced. A l l  of these  d i f f e rences  i n d i c a t e  more c racking .  
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TABLE 2 .  - Comparison of r e f lux ing  and nonrefluxing t e s t s  

Test  number 
236 24 1 

Type of t e s t  Nonrefluxing Refluxing 
Operating cond i t ions :  

Shale grade,  gpt 2 1 . 1  20.8 
Shale s i z e ,  i n .  1/2 t o  1 1/2 t o  1 
Raw sha le  r a t e ,  1 b/hr 616 61 6 
Air q u a n t i t y ,  s c f / t on  s h a l e  4 ,210  4,020 
Recycle gas  q u a n t i t y ,  s c f / t on  s h a l e  17,000 16,800 

Results:  
O i l  g r a v i t y ,  API  
O i l  v i s c o s i t y  a t  130° F S S U  
O i l  Remsbottom carbon,  wt-pct 
O i l  y i e l d ,  vol-pct  Fischer  a s say  
Retorted s h a l e  a s s a y ,  gpt 
Product gas  temperature ,  F 

19.7 22.8 
132 61 
5.2 . 6  

93 72 
.5 1.8 

125 161 

Secondary cracking i n  the  r e t o r t  produces a l i g h t e r ,  l e s s  viscous o i i  
t h a t  has some q u a l i t y  advantages,  but  t hese  a r e  outweighed by t h e  loss. of 
y i e ld .  I n  a d d i t i o n ,  r e f lux ing  causes  ope ra t iona l  d i f f i c u l t i e s  i n  t h a t  t h e  
coke t h a t  forms tends t o  bond t h e  s h a l e  p a r t i c l e s  i n t o  l a r g e  agglomerates,  
i n t e r f e r i n g  with,  and sometimes completely s topping,  the flow of  sha le .  

Refluxing a l s o  causes  marked changes i n  t h e  temperatures i n  t h e  r e t o r t .  
Under r e f lux ing  cond i t ions ,  t h e r e  i s  an o i l  stream t h a t  moves downward 
through t h e  s h a l e  bed. The volume of t h i s  o i l  may be appreciable .  This  
downward flow of o i l  a l t e r s  t h e  hea t  d i s t r i b u t i o n  i n  the mist-formation 
sec t ion  because of t h e  thermal e f f e c t s  of r evapor i za t ion  and secondary 
cracking. 
f l ux ing ,  even t o  t h e  e x t e n t  of causing a s  channeling, and t h e  h e a t  t r a n s f e r  
c o e f f i c i e n t  between t h e  hog gas and s h a l e  i s  reduced by t h e  o i l  f i lm.  
comparison with nonref luxing o p e r a t i o n ,  r e f lux ing  condi t ions tend t o  inc rease  
the temperature nea r  t h e  top  of t h e  bed because.of  hea t  r e l e a s e  through con- 
densat ion,  and t o  decrease the  temperature lowcr down because of t h e  h e a t  
load imposed by vapor i za t ion .  Cracking r e a c t i o n s  and other  thermal e f f e c t s ,  
such as change i n  o f fgas  temperature  and carbonate  decomposition, a l s o  
a f f e c t  t h e  p i c t u r e .  
e s s e n t i a l  p a r t  of t h e  gas-combustion p rocess ,  and t h a t  a n  understanding of 
t he  f a c t o r s  c o n t r o l l i n g  m i s t  formation is important f o r  e f f e c t i v e  ope ra t ion  
of t he  process .  

The void space p a t t e r n  i n  the  s h a l e  bed a l s o  i s  a f f e c t e d  by re- 

I n  

It is  apparent  t h a t  formation of a s t a b l e  m i s t  i s  an 

A summary of t h e  r e s u l t s  o f  ope ra t ions  by t h e  Bureau of Mines a t  Anvil 
Examination P o i n t s  using two d i f f e ren t :  s i z e d  r e t o r t s  a r e  shown i n  t a b l e  3.  

of t h i s  t a b l e  shows t h a t  t h e  oil y i e l d  i n  volume-percent of Fischer  assay 
was about 7 t o  11 percen t  lower f o r  t h e  150-ton-per-day p l a n t  than f o r  t h e  
6-ton-per-day p l a n t .  Since t h e  runs shown a r e  r ep resen ta t ive  of smooth, 
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extended opera t ing  per iods  i n  bo th  p l a n t s ,  t h e  d a t a  shown a r e  i n d i c a t i v e  of 
t h e  maximum y i e l d s  t h a t  could be expected a t  t h e  s t a g e  of process development 
from t h e  equipment and procedures used i n  t h i s  s tudy .  Yie lds  from t h e  150- 
ton-per-day p l an t  were improved by us ing  a narrow-sized-range sha le .  However, 
t h e  performance s t i l l  d id  not  equa l  t h a t  achieved wi th  t h e  smaller un i t .  The 
reason f o r  t h i s  decrease  i n  y i e l d  i n  t h e  l a r g e r  u n i t  appears t o  b e  pr imar i ly  
t h e  r e s u l t  of secondary c racking .  
shown by d i f f e rences  i n  o i l  p r o p e r t i e s .  The g rav i ty  of t h e  o i l  produced i n  the  
l a r g e  p l an t  was 2 l 0  API o r  ,rer?ter whi le  t h a t  produced i n  the  small p l m t  ' i n ,  

20" AP1 ir .  kes s ,  W e  v i s c o s i t i e s  and Ramsbottom carbon contents  of t h e  o i l s  
a l s o  ind ica ted  more ex tens ive  c racking  i n  the  150-ton-per-day p l an t .  Compar- 
i son  of t he  product gas streams from each of t hese  two r e t o r t s  a l s o  ind ica t ed  
t h a t  t h e  l a r g e r  r e t o r t  may have been t roubled  by ex tens ive  secondary cracking. 
The 150-ton-per-day r e t o r t  produced a gas conta in ing  more l i g h t  hydrocarbons 
than t h e  6-ton-per-day r e t o r t .  

Some evidence of secondary cracking was 

Secondary c racking  no t  on ly  forms l i g h t  gases ,  b u t  a l s o  forms coke 
which cont r ibu ted  t o  t h e  g r e a t e r  q u a n t i t y  of carbon which was found on the  
spent  s h a l e  from t h e  150-ton-per-day r e t o r t .  

Another problem r e l a t e d  t o  t h e  ope ra t ion  of a moving bed r e t o r t  is t h e  
flow of s o l i d s  through t h e  r e t o r t  v e s s e l .  Because of segrega t ion  of var ious  
p a r t i c l e  s i z e s ,  w a l l  e f f e c t s ,  t h e  r e s i s t a n c e  t o  s o l i d  flow of a i r / g a s  d is -  
t r i b u t o r s ,  and o the r  o p e r a t i o n a l  problems, t h e r e  i s  a tendency f o r  l oca l i zed  
hea t ing  t o  r e s u l t  i n  c l i n k e r  format ion .  These c l i n k e r s  f u r t h e r  impede t h e  
flow of s o l i d s  and u l t ima te ly  r e s u l t  in br idging  which completely s t o p s  t h e  
flow through t h e  r e t o r t  v e s s e l .  The br idged  material must be  removed mech- 
a n i c a l l y  before  t h e  r e t o r t i n g  process  can be  continued. 

By the  mid-l950's, wcrk by t h e  Bureau of Mines on t h e  gas-combustion 
process was terminated; however, i n  1964, t he  Anvil  P o i n t s  F a c i l i t y  was 
r eac t iva t ed  and operated under con t r ac t  t o  t h e  Government by s i x  major o i l  
companies (10-11). This  work f u r t h e r  def ined  t h e  e f f e c t s  of opera t ing  v a r i -  
ab l e s  and continued t o  i n d i c a t e  t h a t  t h e  gas-combustion process  is tech- 
n i c a l l y  f e a s i b l e .  The Anvil  P o i n t s  F a c i l i t y  was aga in  leased  i n  t h e  e a r l y  
1970's t o  Development Engineering, Inc .  f o r  development and demonstration 
of the  Paraho O i l  s h a l e  r e t o r t i n g  process .  

The Paraho Process 

The Paraho process is very  s i m i l a r  t o ,  and can  b e  cons idered ,  a f u r t h e r  
development of t h e  gas-combustion process .  Major improvements of t he  Paraho 
process over  t he  gas-combustion process are r e l a t e d  to  b e t t e r  process con- 
t r o l ,  inc luding  s o l i d  and f l u i d  flow. This  more p r e c i s e  con t ro l  tends  t o  
minimize ope ra t iona l  problems such  as br idging  and lo s s  of l i q u i d  product 
by r e f lux ing  on t h e  cold sha le .  
operated i n  an e x t e r n a l l y  hea ted  mode where the  energy f o r  t he  process i s  
provided by burning p a r t  of t h e  r ecyc le  gas  stream i n  an ex te rna l  hea t e r .  

In t h e  ex te rna l ly  heated mode, t he  q u a l i t y  of t h e  r ecyc le  gas  can be  

The Paraho process  can  a l s o  b e  success fu l ly  

improved. Liquid o i l  r ecove r i e s  remain e s s e n t i a l l y  unchanged. 
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The Union O i l  Company Process 

To overcome t h e  problems of b r idg ing  and secondary c racking  of product 
o i l ,  Union O i l  Co. devised a r e t o r t i n g  process  based on a r e t o r t  which 
u t i l i z e s  a rock pump. 
s o l i d  o i l  sha l e  p a r t i c l e s  upward i n t o  an  inve r t ed ,  cone-shaped vessel which 
is open t o  the  atmosphere a t  t h e  top .  
r e t o r t  v e s s e l ' s  t op  r i m  a f t e r  having been r e t o r t e d  i n  t h e  lower reg ions  of 
t h e  ves se l .  

This rock pump i s  a p is ton- type  f eede r  which fo rces  

Spent s h a l e  s o l i d s  overflow the  

A i r  en t e r s  t h e  moving bed a t  t h e  top of t he  ves se l  and flows downward 
countercur ren t  t o  t h e  flow of s o l i d s .  Because of t h e  in f luence  of g r a v i t y  
re f lux ing  is less l i k e l y  t o  occur and secondary c racking  i s  much less of a 
problem. The rock pump tends  t o  break  up any br idging  i n  the  m a t e r i a l  and 
fo rces  spent  sha le  from t h e  ves se l .  Over t h e  yea r s  t h e  Union O i l  p rocess  
has  been modified. In 1 9 7 4 ,  Union O i l  Co. announced an improvement t o  t h e  
process t h a t  was c a l l e d  t h e  SGR process .  

The SGR process ,  which s t ands  f o r  steam-gas-recycle, uses  e s s e n t i a l l y  
t h e  same r e t o r t  des ign  as t h e  i n t e r n a l l y  heated process  except t h a t t h e  top 
of t he  r e t o r t  was covered t o  prevent  a i r  from being admitted.  The spen t  
s h a l e  was t r ans fe r r ed  t o  a sepa ra t e  v e s s e l  where oxygen and steam reac ted  
wi th  t h e  r e s i d u a l  carbon l e f t  on t h e  spen t  sha le .  The h o t  syn thes i s  gas  
t h a t  w a s  produced i n  t h i s  upper v e s s e l  w a s  i n j e c t e d  i n t o  t h e  s h a l e  i n  t h e  
r e t o r t  t o  provide a l l  necessary  hea t  f o r  r e t o r t i n g  t h e  incoming sha le .  

In  t h e  Union "B' process ,  hea ted  r e c y c l e  gas  i s  used to  provide t h e  
necessary hea t  f o r  r e t o r t i n g  o i l  sha l e .  

The TOSCO 11 Retor t ing  Process 

The TOSCO 11 r e t o r t i n g  process  i s  a l s o  an  e x t e r n a l l y  hea ted  process.  
I n  t h i s  process t h e  r e t o r t i n g  v e s s e l  w a s  a r o t a t i n g  drum i n  which r a w  o i l  
s h a l e  is heated by being contac ted  wi th  ceramic b a l l s  t h a t  a r e  used a s  a 
hea t  t r a n s f e r  medium. The b a l l s  are hea ted  i n  a n  e x t e r n a l  v e s s e l  by burn- 
ing  r e s i d u a l  carbon on spen t  s h a l e  p a r t i c l e s .  Because combustion a i r  i s  
no t  admitted i n t o  t h e  r e t o r t i n g  v e s s e l ,  t h e  gases  produced a r e  no t  d i l u t e d  
wi th  n i t rogen  and, t he re fo re ,  have a h igher  hea t ing  va lue .  The o i l  product 
tends  t o  have a s l i g h t l y  h igher  API g r a v i t y  and a lower pour po in t  than  
s h a l e  o i l  from t h e  gas-combustion process .  The recovery of hydrocarbon 
va lues  from the  raw s h a l e  i s  high. 

The Pe t ros ix  Retor t ing  Process  

The Pe t ros ix  r e t o r t i n g  process ,  which w a s  developed i n  B r a z i l ,  is a l s o  
an ex te rna l ly  heated process  s i m i l a r  t o  t h e  gas-combustion process  and a l s o  
t o  t h e  ex te rna l ly  heated Paraho process .  

I n  S i t u  Retor t ing  Processes  

Retor t ing  o i l  s h a l e  underground by in s i t u  methods has  been considered 
because t h i s  method appears  t o  have s e v e r a l  p o t e n t i a l  advantages over above- 
ground processing. 
l ean ,  o r  t he  strata may be too  t h i n  t o  b e  produced economically by ord inary  
mining techniques.  

Many s h a l e  depos i t s  are deeply bur ied  and may b e  t o o  

These d e p o s i t s  can only  be  produced by some i n  s i t u  
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method. There may be  advantages of i n  s i t u  methods i n  r i c h e r ,  t h i cke r  de- 
p o s i t s  of o i l  s h a l e  a l s o .  
expensive and less complicated,  the i n  s i t u  process  is less c a p i t a l  inten- 
s i v e .  Because t h e  spent  material remains underground the re  is less problem 
assoc ia ted  with t h e  d i s p o s i t i o n  of waste products.  To be  success fu l ,  a n  i n  
s i t u  r e t o r t  r equ i r e s  s u f f i c i e n t  permeabi l i ty  t o  permi t  t h e  flow of r e t o r t i n g  
f l u i d s  i n t o  and ou t  of t h e  r e t o r t ,  s o  t h a t  hea t  may be  d i s t r i b u t e d  evenly 
throughout t h e  s h a l e  bed. This permeabi l i ty  must be  maintained throughout 
t h e  l i f e  of t h e  r e t o r t  and i t  must b e  l i m i t e d  so t h a t  t h e  flow of f l u i d s  
can be contained w i t h i n  t h e  d e s i r e d  volume. 

Because t h e  aboveground i n s t a l l a t i o n  i s  l e s s  

Recently,  t h e  term "modified i n  s i t u  r e t o r t i n g "  have come t o  b e  appl ied  
t o  an i n  s i t u  r e t o r t  i n  which a p a r t  of t h e  m a t e r i a l  has  been removed t o  
allow f o r  expansion f u r i n g  f r a c t u r i n g  of t h e  o i l  s h a l e  bed. The term would 
a l s o  b e  appl ied  t o  underground r e t o r t s  prepared by s o l u t i o n  mining of sol- 
ub le  salts, e i t h e r  by n a t u r a l  o r  a r t i f i c i a l  means. 

The remaining i n  s i t u  p rocesses  where very  l i t t l e  o r  no material i s  
removed p r i o r  t o  f r a c t u r i n g  have come t o  be  termed " t ru  i n  s i t u  processes." 
For the  t r u e  i n  s i t u  process ,  f r a c t u r i n g  and main ta in ing  pcruleabili ty i s  a 
much more d i f f i c u l t  problem. Some l imi t ed  work was performed by S i n c l a i r  
O i l  Co. on a t r u e  i n  s i t u  process  i n  Green River o i l  sha l e  (A). These 
tests were conducted a t  Haystack Mountain near  Grand Val ley ,  Colo. ,  and have 
been descr ibed ,  bu t  no t e c h n i c a l  r e s u l t s  were presented .  

Extensive exper imenta l  work on t h i s  process  has  been conducted by t h e  
Laramie Energy Research Center under t h e  Bureau of Mines and t h e  Energy 
Research and Development Administration. These t e s t s ,  conducted i n  Green 
River o i l  sha l e  near Rock Spr ings ,  Wyo., have been r epor t ed  ex tens ive ly  i n  
t h e  l i t e r a t u r e  (1-3,8-9,16). These experiments have not  produced ldrsc 
q u a n t i t i e s  of o i l  bu t  have demonstrated t h a t  underground combustion can be  
i n i t i a t e d  and sus t a ined  and l i q u i d  products  can b e  produced from t h i s  t ype  
of processing. The outs tanding  example of modified i n  s i t u  processing is 
t h e  work conducted by Occidenta l  O i l  Co. (5). I n  t h i s  method, underground 
mining is  used t o  remove s u f f i c i e n t  m a t e r i a l  t o  a l low f o r  proper  expansion 
of o i l  sha l e  rubble  dur ing  t h e  formaBion of t h e  r e t o r t .  F igure  3 p re sen t s  
an  a r t i s t ' s  concept of how a modified i n  s i t u  r e t o r t i n g  sequence could be  
developed underground. F igure  4 is  a concept of how a t r u e  i n  s i t u  o i l  
sha l e  retort might ope ra t e .  A f t e r  f r a c t u r i n g ,  t h e  o i l  s h a l e  i s  i g n i t e d  i n  
a c e n t r a l  we l l  and combustion i s  sus t a ined  by i n j e c t i n g  air .  The hea ted  
combustion products  flow outward toward recovery wells r e t o r t i n g  t h e  o i l  
sha l e  and fo rc ing  the  s h a l e  o i l  t o  flow i n  t h e  same d i r e c t i o n .  
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DISCUSS I O N  

The t echn ica l  f e a s i b i l i t y  of producing l i q u i d  hydrocarbon products from 
Many of these processes ,  t he  gas- aboveground r e t o r t s  has  been e s t ab l i shed .  

combustion process ,  t h e  Paraho process ,  t h e  Union O i l  p rocess ,  and the  
TOSCO 11 process have opera ted  success fu l ly  a t  rates as  h igh  as approximately 
1,000 tons pe r  day. 
2,000 tons pe r  day. 

The P e t r o s i x  process has  been opera ted  a t  rates above 

To make s i g n i f i c a n t  con t r ibu t ions  t o  today ' s  energy demand, t hese  proc- 
esses must be sca l ed  up by approximately 10 t o  20 t i m e s .  This  scale-up 
would r e s u l t  i n  a commercial-sized module and a success fu l  ope ra t ion  of a 
module would produce r e a l i s t i c  d a t a  t h a t  could be used t o  develop an eco- 
nomic ana lys i s  of an o i l  s h a l e  r e t o r t i n g  process.  Sca l ing  a process up by 
a f a c t o r  of 10 t o  20 is no t  unusual,  bu t  a r e t o r t  handl ing  20,000 tons  pe r  
day of broken o i l  s h a l e  has  never been cons t ruc ted  and opera ted .  
l e m s  connected wi th  t h e  flow of t h i s  amount of s o l i d s  countercur ren t  t o  a 
flow of r e t o r t i n g  f l u i d s  w i l l  r equ i r e  ex tens ive  engineer ing  development. 
This development w i l l  r equ i r e  t i m e  and i f  o i l  s h a l e  i s  t o  make a s i g n i f i -  
cant con t r ibu t ion  t o  our energy requirements i n  t h e  near  term, t h e  develop- 
ment work should b e  s t a r t e d  as soon as poss ib l e .  

The prob- 

The p i c t u r e ,  as f a r  as i n  s i t u  r e t o r t i n g  is concerned, i s  roughly 
similar t o  aboveground r e t o r t i n g .  
i s e  and are app l i cab le  t o  many s h a l e  depos i t s ,  e s p e c i a l l y  formations t h a t  
a r e  th i ck  and r ead i ly  access ib l e  f o r  t h e  r equ i r ed  mining opera t ion .  True 
i n  s i t u  methods r equ i r e  a g r e a t  d e a l  more r e sea rch  be fo re  they  can be con- 
s idered  f o r  commercial app l i ca t ion .  

Modified i n  s i t u  methods show g rea t  prom- 

Shale o i l s  produced by a l l  of t hese  r e t o r t i n g  methods have many s i m i -  
l a r  c h a r a c t e r i s t i c s .  
crude o i l s  and these  o i l s  are made up of about 40 percen t  hydrocarbons and 
the  remaining 60 percent  are organic  compounds conta in ing  oxygen, n i t rogen ,  
and su l fu r .  The o i l s  are d e f i c i e n t  i n  gaso l ine  b o i l i n g  range ma te r i a l  and 
only about ha l f  of it can be recovered overhead dur ing  d i s t i l l a t i o n .  The 
crude s h a l e  o i l  could be used d i r e c t l y  as burner f u e l  and t h i s  may w e l l  be  
one of t he  uses  dur ing  t h e  e a r l y  s t ages  of development. Because t h e  most 
urgent needs are f o r  f i n i s h e d  f u e l s  requi red  f o r  t r a n s p o r t a t i o n ,  gaso l ine ,  
j e t  f u e l s ,  d i e s e l  f u e l ,  and o t h e r s ,  r e sea rch  on upgrading and r e f in ing  t o  
these  products i s  e s s e n t i a l .  

The most ex tens ive  work has  been done on gas-combustion 

CONCLUSIONS 

I n  conclusion, o i l  sha,le has  been known and processed f o r  more than 
one hundred years .  It is widely d i s t r i b u t e d  throughout t h e  world and could 
w e l l  be an abundant s u b s t i t u t e  f o r  t h e  d iminish ing  supply of petroleum. There 
a r e  engineering development problems t h a t  must be  so lved  before  t h i s  r e source  
can compete i n  t h e  marketplace.  
s eve ra l  aboveground r e t o r t i n g  processes  and by modified i n  s i t u  r e t o r t i n g .  
A l l  of these  processes  must be  demonstrated on a l a r g e r  s c a l e  t o  prove oper- 
a b i l i t y  and t o  provide r e l i a b l e  economic da ta .  As t h e  r e t o r t i n g  processes  
a r e  developed, r e f in ing  methods must a l s o  be  developed t o  conver t  t h i s  va l -  
u a b l e  resource  t o  t h e  des i r ed  hydrocarbon products.  

Technical f e a s i b i l i t y  has  been shown by 
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COMPOSITIONAL VARIATION OF RETORTED SHALE OILS WITH STRATIGRAPHY: 
WYOMING CORE, NORTHERN GREEN R I V E R  B A S I N  

L. P .  Jackson, J. R. Morandi, and R .  E. Poulson 

Energy .Research and Development A d m i n i s t r a t i o n  
Laramie Energy Research Center 

P.O. Box 3395, U n i v e r s i t y  S t a t i o n  
Laramie, WY 82071 

INTRODUCTION 

Current  p lans for t h e  commercial development o f  o i l  shale resources a r e  de- 
s igned to o b t a i n  t h e  maximum amount o f  o i l  f rom the  l e a s t  amount o f  shale.  W i th in  
the  Un i ted  States,  t he  i n d u s t r y  would use t h e  t h i c k ,  r i c h  seams which a r e  reason- 
a b l y  c l o s e  t o  the su r face  i n  t h e  Green R i v e r  Formation i n  t h e  Rocky Mountain reg ion.  
Th is  fo rma t ion  i s  made up o f  f o u r  p r i n c i p a l  bas ins,  t he  Piceance Creek Basin i n  
Colorado, t he  U i n t a  Bas in  i n  Utah,  and t h e  Green R ive r  and Washakie Basins i n  
Wyoming. The c o n s t r u c t i o n  of m i n i n g  opera t i ons ,  bo th  su r face  and subsurface, t o  
suppor t  aboveground r e t o r t i n g  processes w i l l  be designed i n  such a manner t h a t  the 
t h i c k e s t  seams o f  r i c h  s h a l e  w i l l  be used. Mod i f i ed  i n  s i t u  r e t o r t s  w i l l  be de- 
s igned t o  develop t h e  t a l l e s t  r u b b l e  chimneys t e c h n i c a l l y  f e a s i b l e .  True i n  s i t u  
r e t o r t i n g  s i t e s  w i l l  be l oca ted  i n  those sha le  seams which a r e  i n a c c e s s i b l e  t o  the 
o t h e r  techno log ies  and w i l l  produce the  maximum amount o f  h i g h  q u a l i t y  product  o i l .  

O f  a l l  t h e  p o s s i b l e  v a r i a b l e s  which can a f f e c t  t he  q u a l i t y  o f  sha le  o i l ,  t he  
r e t o r t i n g  method i s  by f a r  t he  most s i g n i f i c a n t  (i, L).l I t  i s  a l s o  known t h a t  
sha le  t ype  can a f f e c t  o i l  q u a l i t y .  A d e t a i l e d  s tudy o f  Colorado sha le  o i l s  and 
Paraiba V a l l e y  ( B r a z i l )  s h a l e  o i l s  showed s i g n i f i c a n t  d i f f e r e n c e s  between the  two 
i n  such c h a r a c t e r i s t i c s  as  residuum con ten t ,  n i t r o g e n  con ten t ,  d i s t r i b u t i o n  o f  
n i t r o g e n  by b o i l i n g  range in  t h e  o i l  and hydrocarbon types (3) .  Considerat ion o f  
t he  q u a l i t y  o f  the shale from a g i ven  l o c a t i o n  has g e n e r a l l y  been con f ined  t o  the  
v a r i a t i o n s  i n  y i e l d  ( g a l l o n s  o f  o i l  per  t o n  o f  shale)  and i t s  m in ing  and r e t o r t i n g  
p r o p e r t i e s .  

TO date, t he  s t r a t i g r a p h i c  v a r i a t i o n  o f  o i l  sha le  as i t  r e l a t e s  t o  o i l  q u a l i t y  
has received l i t t l e  a t t e n t i o n .  Robinson and Cook (4, 5, 5) have pub1 ished a th ree  
p a r t  study on the  v a r i a t i o n s  o f  t he  o rgan ic  source m a t e r i a l  w i t h i n  t h r e e  bas ins i n  
the  Green R ive r  Formation. U i f f e r e n c e s  i n  the  o r g a n i c  source m a t e r i a l  between 
bas ins  were noted and v a r i a t i o n s  w i t h  dep th  w i t h i n  bas ins  were a l s o  observed. To 
date,  t h ree  systemat ic ,  d e p t h - r e l a t e d  s t u d i e s  on sha le  o i l s  have been completed. 
Two a r e  concerned p r i m a r i l y  w i t h  t h e  decreas ing s p e c i f i c  g r a v i t y  o f  some (bu t  no t  
a l l )  o i l s  w i t h  i nc reas ing  dep th  (5, 7 )  t h e  o t h e r  s tudy dea ls  w i t h  the n i t r o g e n  
compound types i n  Green R i v e r  o i l - s h a l e  and i t s  kerogen degrada t ion  p roduc ts  (8) .  

Smith (7) compared the o i l  f rom a 30 f o o t  s e c t i o n  o f  t h e  Mahogany Zone and a 
composite o i l  from t w o  d inscon t inuous  lower  zone s e c t i o n s  ( t o t a l  l e n g t h  310 f t ) .  
The a n a l y s i s  was done on F i sche r  Assay o i l s  composited from d r i l l  c u t t i n g s .  The 
t w o  composite o i l s  were produced f rom shales 1,030 f e e t  apa r t .  V a r i a t i o n s  were 
no ted  i n  s p e c i f i c  g r a v i t y ,  e lementa l  composi t ion f o r  n i t r o g e n  and s u l f u r ,  v i s c o s i t y  
and b o i l i n g  range d i s t r i b u t i o n .  
n i t r o g e n  t ypes  i n  low temperature thermal degradat ion products  o f  sha le  (>200°C) 
were most ly  v e r y  weak bases and n e u t r a l  n i t r o g e n  types.  

1 Under l ined numbers i n  parentheses r e f e r  t o  i tems i n  the  l i s t  o f  references a t  

I n  t he  o t h e r  s tudy (E), i t  was found t h a t  t he  

the  end o f  t h i s  r e p o r t .  
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The c u r r e n t  s tudy was undertaken t o  p r o v i d e  i n f o r m a t i o n  on p o t e n t i a l  v a r i a t i o n s  
i n  o i l  q u a l i t y  and composi t ion w i t h  i n c r e a s i n g  depth o f  b u r i a l  o f  the source rock.  
Such v a r i a t i o n s  would be encountered by any p r o d u c t i o n  f a c i l i t y  which o b t a i n s  i t s  
raw m a t e r i a l s  from the v e r t i c a l  development o f  an o i l  sha le  d e p o s i t  by m in ing  o r  i n  
s i t u  r e t o r t i n g .  

Knowledge o f  these p o t e n t i a l  v a r i a t i o n s  i s  u s e f u l  for t w o  reasons. F i r s t ,  i t  
w i l l  h e l p  assure t h a t  t he  technology chosen f o r  any p a r t i c u l a r  s i t e  w i l l  be s u f f i -  
c i e n t  t o  handle these product  v a r i a b l e s  and a l l o w  optimum resource recovery as 
p roduc t i on  proceeds down through the shale bed. Secondly, sound p lann ing  i s  essen- 
t i a l  to guarantee t h a t  o i l  shale development occurs i n  a manner which prec ludes any 
s i g n i f i c a n t  env i ronmenta l  degradat ion.  The e v a l u a t i o n  o f  t h e  p o t e n t i a l  impact of 
o i l  shale products  and e f f l u e n t s  o n  t he  b iosphere i s  j u s t  beg inn ing  t o  produce 
p r e l i m i n a r y  r e s u l t s  ( 9 ) .  As an a i d  i n  answering env i ronmenta l  quest ions by the  
t ime  f u l l  sca le  development begins, t h i s  s tudy w i l l  p r o v i d e  the  i n i t i a l  data on o i l  
c h a r a c t e r i s t i c s  as produced through a v e r t i c a l  sha le  bed. Th is  w i l l  a l l o w  poten-  
t i a l  problems t o  be recognized as soon as they a r e  d e l i n e a t e d  by the  environmental 
impact research e f f o r t  and w i l l  pe rm i t  t h e  most r a p i d  development o f  the c o n t r o l  
technology which must supplement the p roduc t i on  technology f o r  o r d e r l y  development 
o f  the resource. 

EXPERIMENTAL 

A co re  was o b t a i n e d  in t h e  Nor thern Green R ive r  Basin i n  T 21 N, R I O 7  W ,  
Sweetwater Co., WY. The l i t h o g r a p h i c  d e s c r i p t i o n  was ob ta ined  on the co re  a t  
approx imate ly  one f o o t  i n t e r v a l s  and the F i sche r  Assay was c a r r i e d  o u t  on t he  
sec t i ons  c o n t a i n i n g  kerogen by the  O i l  Shale C h a r a c t e r i s t i c s  D i v i s i o n ,  Mod i f i ed  
F i sche r  Assay Laboratory  of t h e  Laramie Energy Research Center. The F i sche r  Assay 
o i l s  were c o l l e c t e d  i n  I I  composite o i l s  compr is ing the  o i l  produced from shale 
seams o f  s i m i l a r  appearance. The 1 1  composite o i l s  were o b t a i n e d  from the  t h r e e  
p r i n c i p a l  members o f  t he  Green R ive r  O i l  Shale Formation appear ing i n  t h i s  bas in .  
The f i r s t  t w o  composite o i l s ,  L I  and L2, a re  f rom t h e  Laney member, t he  next  e i g h t  
composite o i l s ,  W P I  t o  WP8 a re  from the  Wi l ken ' s  Peak member, t h e  l a s t  o i l  i s  T I  
and i s  from the  T i p t o n  member which i s  t he  lowest s t r a t a .  

The I I  o i l s  produced by the  mod i f i ed  F i sche r  Assay a n a l y s i s  o f  t h e  o i l  bea r ing  
s t r a t a  o f  the co re  were c h a r a c t e r i z e d  by major and t r a c e  element a n a l y s i s ,  pour  
p o i n t ,  v i s c o s i t y ,  and s p e c i f i c  g r a v i t y .  B o i l i n g  range d i s t r i b u t i o n  o f  the t o t a l  
o i l s  and hydrocarbon t ype  a n a l y s i s  as a f u n c t i o n  o f  percent  composi t ion and b o i l i n g  
range d i s t r i b u t i o n  was determined as descr ibed elsewhere (IO). The nonaqueous 
t i t r a t i o n  o f  the bases was done i n  a c e t i c  anhydr ide -benzene(1  t o  I )  w i t h  pe rch lo -  
r i c  a c i d  (2, 12) and t h e  a c i d s  were t i t r a t e d  w i t h  tetrabutylammonium hydrox ide i n  
1 t o  1 b e n z e n e q c e t o n i t r i l e  (Ij). These data p r o v i d e  i n f o r m a t i o n  re levan t  t o  s i t e  
s e l e c t i o n ,  p roduc t i on ,  and r e f i n i n g  technology, environmentat p lann ing ,  and c o n t r o l  
techno logy. 

RESULTS AND DISCUSSION 

A d e s c r i p t i o n  o f  the v a r i o u s  sec t i ons  o f  co re  and the  r e s u l t i n g  o i l s  i s  g i ven  
i n  Table 1 .  The pour p o i n t  da ta  d e m n s t r a t e s  a p a t t e r n  found i n  the  analyses o f  
these o i l s ,  namely the  o i l s  L I  and L2 l i e  a t  one extreme and WPI l i e s  a t  t he  o t h e r  
extreme w h i l e  UP2 through WP8 l i e  i n  between i n  i r r e g u l a r  o rde r ,  T I  i s  u s u a l l y  
found a t  e i t h e r  extreme. Th is  p a t t e r n  i s  a l s o  found i n  t h e  elemental a n a l y s i s  f o r  
n i t r o g e n  and s u l f u r  (Table 2). s a t u r a t e  hydrocarbon a n a l y s i s  (Table 3 ) ,  p o l a r ,  
m a t e r i a l  a n a l y s i s  (Table 3 ) ,  and acid-base a n a l y s i s  (Table 4 and Table 5 ) .  The 
l i s t  of phys i ca l  p r o p e r t i e s  on the o i l s  i s  completed by Table 6 which g i ves  t h e  
percent  composi t ion o f  the o i l s  by 200°F b o i l i n g  range increments. 
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TABLE 1 .  - D e s c r i p t i o n  o f  Wyoming c o r e  and F i s c h e r  Assay o i l s  

Sec t ion  Depth' LengthZ Ga l / ton  V i s c o s i t y 3  Sp. g r .  Pour p t .  

771.5 
870.5 
1064.7 
1109.0 
1157.6 
1250. O4 
1276.4 
1322.0 
1515.0 
1616.0 

38. I 
59.6 
44.3 
48.6 
41.2 
26.2 
45.6 
193.0 
101 .o 
94.0 

L l  
L2 
WP 1 
WP2 
wp3 
WP4 
WP5 
WP6 
WP7 
W P ~  
T I  1710.0 7.0 4.5 82 

I Top o f  s e c t i o n ,  d e p t h  i n  fee t .  
Exc lud ing  b a r r e n  s e c t i o n s ,  l e n g t h  i n  fee t .  
S . U . S  a t  I O O O F .  
51.2 f t  o f  c o r e  m i s s i n g  between WP3 and WP4. 

TABLE 2. - A n a l y s i s  o f  major elements i n  F i s c h e r  Assay 
o i l s  f rom Wyoming c o r e  

5.3 
10.3 
13.5 
15.1 
11.0 
8.0 
15.9 
6.1 
8.9 
7 . 3  

228 
112 
84 
I06 
86 
172 
118 
102 
94 
I24 

S e c t i o n  C H H/C N S 0' 

0.964 
0.917 
0.918 
0.921 
0.923 
0.923 
0.928 
0 * 927 
0.933 
0.919 
0.907 

90 
85 
50 
60 
60 
75 
70 
65 
65 
70 
85 

L I  84.06 
L2  82.85 
WP 1 84.42 
WP2 83.84 
wp3 83.79 
WP4 84.26 
wp5 84.06 
WP6 84.02 
wp7 84.45 
WP8 84.66 

By d i f f e r e n c e .  

IO. 77 
11.26 
I I .23 
11.39 
11.13 
1 1 . 1 4  
1 1 . 1 1  
1 1  .oo 

11.06 
I I .07 

1.54 1.66 1.62 1.89 
1.63 1.59 1.86 2.44 
1.60 2.26 0.76 1.33 
1.63 2.11 1.14 1.52 
1.59 2.03 1.40 1.65 
1.59 2.12 0.97 1.51 
1.59 2.32 0.99 1.52 
1.59 2.03 0.68 2.27 
1.59 2.21 0.53 1.74 
1.58 1.86 0.57 1.85 

V a r i a t i o n s  i n  O i l  P r o p e r t i e s  

As shown i n  Tab le  1 ,  t h e  l e n g t h s  o f  the  v a r i o u s  s e c t i o n s  range from 7.0 t o  
193.0 f ee t ,  w i t h  the  lengths  b e i n g  determined by i n t e r v a l s  o f  l i t h o l o g i c  homgene- 
i t y .  The f i r s t  two s e c t i o n s ,  t o t a l  l e n g t h  97.7 f e e t ,  a re  l oca ted  i n  t h e  Laney 
member o f  t h e  Green R i v e r  Formation. The Laney member i s  an o i l  s h a l e  mar ls tone 
s e c t i o n  which begins a t  t h e  base o f  t h e  B r i d g e r  Format ion and cont inues  t o  t h e  top  
o f  the  sodium-sal t  m i n e r a l  o i l  s h a l e  s e c t i o n  known as the  W i l k e n ' s  Peak member. 
The W i l k e n ' s  Peak member i s  composed o f  L a c u s t r i n e  sediments c o n t a i n i n g  o i l  shale 
mar ls tone and t rona  (sodium carbonate  and sodium b icarbonate) ,  s h o r t i t e ,  and o ther  
e x o t i c  carbonate minera l  combinat ions.  E igh t  s e c t i o n s  w i t h  a t o t a l  l e n g t h  o f  500.1 
f ee t  were o b t a i n e d  from t h i s  s e c t i o n .  
t he  c o r e  near  the  t o p  o f  the  W i l k e n ' s  Peak member and i s  no t  inc luded i n  these 
r e s u l t s .  The T i p t o n  member i s  very  t h i n  i n  t h i s  r e g i o n  and y i e l d e d  o n l y  one 7.0 f t  
s e c t i o n  o f  core.  T h i s  sample shou ld  n o t  be cons idered r e p r e s e n t a t i v e  o f  t he  o i l  
sha les  which make up t h e  T i p t o n .  
s e c t i o n  i s  n o t  discussed and inc luded f o r  comparison o n l y .  

An i n t e r v a l  o f  51.2 f e e t  was m i s s i n g  from 

The r e s u l t s  o f  t he  a n a l y s i s  on t h e  o i l  from t h i s  
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TABLE 3. - A n a l y s i s  o f  F ischer  Assay o i l s  f o r  percentage 

m a t e r i a l  
s a t u r a t e  hydrocarbon, p o l a r ,  and nonpolar 

Sect i o n  P o l a r  Nonpolar' Sa t u r a t e s z  

L2 43 
WP I 55 
WP2 53 
WP3 50 
WP4 54 
UP5 54 
WP6 54 
wp7 52 
WP8 51 

57 
45 
47 
50 
46 
46 
46 

49 
48 

1 1 . 1  
8.90 
9.67 

9.80 
9.73 
9.85 
9.76 
9.98 

10.2 

T I  40 60 13.3 
Removed from F l o r i s i l  column w i t h  c y c l o -  
hexane. 
By a b s o r p t i o n .  

TABLE 4. - A c i d  t ype  a n a l y s i s  o f  F ischer  Assay o i l s  from 
Wyoming core'  

A c i d  type, Meq/g o i l  
Sec t ion  Weak a c i d s  Very weak ac ids  To ta l  a c i d s  

L I  0.045 
L2 0.034 
WP 1 0.021 
WP2 0.021 
WP 3 0.020 
WP4 0.025 
wp5 0.01 5 
WP6 0.014 
WP7 0.014 

0.347 
0.262 
0.227 
0.217 
0.227 
0.253 
0.237 
0.246 
0.240 

WP8 0.028 0.258 0.286 
Determined by nonaqueous t i t r a t i o n  w i t h  t e t r a b u t y l  
ammonium hydrox ide  i n  b e n z e n e - a c e t o n i t r i l e .  

The o i l  shales f rom t h i s  reg ion  o f  Wyoming a r e  g e n e r a l l y  c lassed as very  lean 
t o  l ean  i n d i c a t i n g  t h a t  t h e i r  o i l  y i e l d  on r e t o r t i n g  i s  low. Th is  i s  supported by 
the  assay d a t a  i n  Tab le  1 where the  va lues  range from 5.3 g a l l o n s  pe r  ton i n  L I  to 
15.9 g a l l o n s  per ton  i n  WP5. The v i s c o s i t y  a t  100°F, s p e c i f i c  g r a v i t y  and pour 
p o i n t  o f  L I  a r e  a l l  u n u s u a l l y  h i g h  when compared t o  the  o t h e r  o i l s  bu t  a s i d e  from 
t h i s  one example no r e l a t i o n s h i p  appears t o  e x i s t  among these p r o p e r t i e s  and t h e i r  
depth  o f  b u r i a l  o r  y i e l d  i n  g a l l o n s  pe r  ton.  

The elemental  a n a l y s i s  o f  t he  o i l s  a r e  g iven i n  Tab le  2 and severa l  comments 
can be made comparing these d a t a  and the  m a t e r i a l  presented i n  Tables 3 th rough 6. 
(a) The o i l s  w i t h  a H/C r a t i o  o f  1.60 o r  more, L2, WPI,  and UP2 show a s i g n i f i c a n t  
inc rease i n  the  amount o f  m a t e r i a l  w i t h  a b o i l i n g  p o i n t  o f  less  than 4OO0F (Table 
6 ) .  (b)  The amount of t o t a l  n i t r o g e n  i n  t h e  o i l  i s  d i r e c t l y  p r o p o r t i o n a l  t o  the  
t o t a l  bases and t o t a l  bas i c  n i t r o g e n  i n  t h e  o i l s  (Table 5 ) .  ( c )  The o i l s  f rom t h e  
Laney member c o n t a i n  l ess  than 2% n i t r o g e n  and the  weak/very weak base r a t i o  i s  
about one whereas the  W i l k e n ' s  Peak o i l s  c o n t a i n  g r e a t e r  than 2% n i t r o g e n  and the  

0.302 
0.228 
0.206 
0.196 
0.207 
0.228 
0.222 
0.232 
0.226 
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TABLE 5. - Base t ype  a n a l y s i s  o f  F i sche r  Assay o i l s  from Wyoming core '  

Base types, Meq/g o i l  Basic n i t r o g e n  type,  w t %  Nonbasicq 
Sect ion WeakL Very weak3 To ta l  WeakZ Very weakj To ta l  N, w t %  

L I  0.486 0.373 0.859 0.681 0.522 1.203 0.46 
L2 0.435 0.501 0.936 0.610 0.710 1.320 0.27 
WP 1 0.832 0.399 1.231 1.169 0.559 1.728 0.52 
WP2 0.752 0.436 1.188 1.054 0.610 1.664 0.45 
wp3 0.732 0.420 1.152 1.025 0.588 1.613 0.42 
WP4 0.698 0.416 1.114 0.977 0.583 1.560 0.56 
WP5 0.764 0.470 1.234 1.069 0.658 1.727 0.59 
WP6 0.736 0.388 1.124 1.030 0.543 1.573 0.50 
W P 7  0.771 0.438 1.209 1.108 0.613 1.721 0.49 
W P 8  0.650 0.416 1.066 0.910 0.582 1.492 0.37 

Determined by nonaqueous t i t r a t i o n  w i t h  p e r c h l o r i c  a c i d  i n  a c e t i c  anhydride- 
benzene ( I  : 1 ) .  

2 

3 ;;a = +2 t o  -2, p y r r o l e s ,  i ndo les ,  amides. 
= +8 t o  +2, p y r i d i n e s ,  q u i n o l i n e s ,  an i1  ines,  a l k y l a t e d  p y r r o l e s .  

Defermined by d i f f e r e n c e  u s i n g  t o t a l  N a n a l y s i s  f rom t a b l e  2, n i t r i l e s ,  
ca rbazo I es . 

TABLE 6. - Composit ion by b o i l i n g  range f o r  t h e  o i l s  ob ta ined  by F i sche r  Assay 
o f  Wyoming core1 

B o i l i n g  range f r a c t i o n s ,  percent  o f  t o t a l  
Sect ion i b p  t o  400 400 t o  600 600 t o  800 800 to 1,000 Residue 

L I  1 20.8 31.4 31.1 

WP 1 15.5 24.3 26.1 21.9 
L2 12.0 23.9 27.5 24.0 

WP2 13.0 23.6 26.1 21.4 
wp3 7.8 22.4 28.0 26.7 
WP4 3.6 23.4 29.5 28.1 
wp5 7.0 22.7 28.4 27.6 

wp7 7.6 24. I 29.0 28.9 
WP6 6.7 24.0 28.9 28.3 

WP8 6.2 23.5 30.9 30.8 
T I  8.9 24.9 28.9 22.1 

I Determined by s imu la ted  d i s t i l l a t i o n .  

16.5 
13.1 
12.2 
15.9 
15.1 
15.4 
14.3 
12.1 
10.4 
8.6 

15.3 

weak/very weak base r a t i o  i s  about two (Table 5 ) .  (d) The amount and types o f  
a c i d s  present  i n  the o i l s  do no t  f o l l o w  the  sequence o f  percent  oxygen i n  the  o i l s  
(Tab le  4). (e)  Wi th  the  excep t ion  o f  WPI, t he  amount o f  nonpolar  m a t e r i a l  i n  the 
o i l s  g e n e r a l l y  decreases w i t h  the  n i t r o g e n  con ten t  o f  the  o i l  bu t  s u l f u r  has l i t t l e  
o r  no e f f e c t  (Table 3 ) .  

The v a r i a t i o n  i n  the o i l s  when analyzed by s imulated d i s t i l l a t i o n  for b o i l i n g  
range d i s t r i b u t i o n  i s  g i ven  i n  Table 6. The L I  s e c t i o n  i s  d e f i c i e n t  i n  m a t e r i a l  
b o i l i n g  below 400°F. Sect ions L2, WPI, and WP2 show 12.0 t o  15.0 percent  o f  mate- 
r i a l  b o i l i n g  below 400°F w i t h  21.4 t o  24.0 percent  i n  the  800 t o  1 ,OOO"F  range. 
The remain ing o i l s  a r e  g e n e r a l l y  heav ie r ,  showing l e s s  than 8% below 400°F and more 
than  28% i n  t h i s  800-1,OOO"F range. Sect ion WP8 shows l e s s  than 9% m a t e r i a l  b o i l i n g  
above I,OOO°F w h i l e  the  o t h e r  o i l s  va ry  between 16.5% and 10.4%. 
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Processing Considerat  ions 

The b u l k  p r o p e r t i e s  which r e l a t e  t o  hand l i ng  the  o i l s  s p e c i f i c  g r a v i t y ,  pour 
P o i n t ,  and v i s c o s i t y  a r e  g i ven  i n  Table 1 and show ve ry  l i t t l e  v a r i a t i o n  from one 
s e c t i o n  t o  another .  These va lues a r e  we l l  w i t h i n  t h e  range expected f o r  shale o i l s  
so t h a t  hand l i ng  these products  i n  a p roduc t i on  f a c i l i t y  w i l l  p resen t  no new problems. 

When t h e  i n i t i a l  s h a l e - o i l  product  i s  r e f i n e d ,  e i t h e r  on or  o f f  t h e  s i t e ,  
p r o v i s i o n s  w i l l  have t o  be made t o  handle a h igh -n i t rogen  feed w i t h  modest s u l f u r  
l e v e l s .  These f a c t s  a re  a l ready  w e l l  known and i t  seems from the  da ta  i n  Table 2 
t h a t  the v a r i a t i o n s  i n  n i t r o g e n  and s u l f u r  l e v e l s  a r e  n o t  s u f f i c i e n t  t o  cause any 
problems i n  the r e f i n i n g  s tep  n o t  a l ready  p red ic ted .  I n  Table 2 t h e  hydrogen-to- 
carbon r a t i o s  a r e  ve ry  n e a r l y  the same for a l l  o i l s  so i t  i s  apparent t h a t  hydrogen 
demand f o r  a h y d r o t r e a t i n g  p l a n t  w i l l  depend p r i m a r i l y  on t h e  f i n a l  l e v e l s  o f  
n i t r o g e n  and s u l f u r  i n  the  hyd ro t rea ted  p roduc t .  The r o l e  o f  n i t r o g e n  and s u l f u r  
i n  t h e  r e f i n i n g  o f  shale o i l s  has been d iscussed by Poulson ( 1 4 ) .  
s u l f u r  l e v e l s  i n  these o i l s  a r e  s l i g h t l y  h i g h e r  than those mentioned i n  t h a t  paper 
b u t  i t  i s  g e n e r a l l y  acknowledged t h a t  the s u l f u r  w i l l  p resen t  no problems because 
i t  w i l l  be removed be fo re  d e n i t r i f i c a t i o n  i s  complete. 

Some o f  t he  

The data i n  Tables 4 and 5 were obta ined by means o f  nonaqueous t i t r i m e t r y  on 

The data i s  d e t a i l e d  and t h e r e f o r e  g i ves  a 
the  t o t a l  crude o i l s .  Th i s  method was chosen f o r  i t s  a p p l i c a b i l i t y  to whole o i l s  
and t o  sha le  o i l  d i s t i l l a t e s  (E, fi). 
good p i c t u r e  o f  t h e  o i l  w i t h  respect  t o  n i t r o g e n  con ten t .  The t o t a l  o i l s  f o l l o w  
the t rends e s t a b l i s h e d  f o r  t h e  v a r i o u s  d i s t i l  l a t i o n  c u t s ,  t h a t  i s ,  t o t a l  bases 
exceed the t o t a l  ac ids,  ve ry  weak ac ids  predominate ove r  weak ac ids ,  and weak bases 
predominate ove r  ve ry  weak bases. Since d e n i t r i f i c a t i o n  i s  t he  most troublesome 
f a c t o r  i n  r e f i n i n g ,  t he  r e l a t i v e  amounts o f  weak and ve ry  weak bases i n  the  o i l s  
a r e  wor th  n o t i n g  because i t  i s  known t h a t  weak bases ( p y r i d i n e s  and q u i n o l i n e s )  a r e  
more e a s i l y  reduced than v e r y  weak bases ( p y r r o l e s  and indo les )  a t  low temperature 
and pressure,  w h i l e  t h e  s i t u a t i o n  i s  reversed a t  h i g h  temperatures and pressures 
(11). 
2.09 t o  0.86 i n  the  o i l s ,  t h i s  changing q u a l i t y  o f  t he  feedstock may r e q u i r e  a 
h y d r o t r e a t e r  des ign which i s  f l e x i b l e  t o  assure e f f i c i e n t  o p e r a t i o n  o f  t h a t  phase 
o f  p roduc t i on .  I f  a f i x e d  h y d r o t r e a t e r  des ign  i s  chosen because o f  o p e r a t i n g  
and/or economic cons ide ra t i ons ,  j u d i c i o u s  c o n s i d e r a t i o n  w i l l  have to  be g i ven  as t o  
which shale seams w i l l  be e x p l o i t e d .  

The r a t i o  o f  weakly bas i c  n i t r o g e n  t o  ve ry  weakly b a s i c  n i t r o g e n  v a r i e s  from 

Another r e s u l t  o f  t h i s  s tudy i s  presented i n  Table 6. I f  a g i ven  set o f  
r e t o r t i n g  parameters a re  chosen as the  most i d e a l  for a p a r t i c u l a r  1 ~ c i l i t y ,  the 
b o i l i n g  range d i s t r i b u t i o n  o f  the  product  can be markedly a f f e c t e d  by the cho ice  o f  
sha le  seams which a r e  processed. The amount o f  m a t e r i a l  i n  the  IBP t o  600°F range 
(naphtha t o  I i g h t  d i s t i l l a t e )  can be increased from about 30 pe rcen t  o f  t o t a l  o i l  
t o  about 38 percent  by s e l e c t i n g  t h e  shales i n  the  seams represented by 12, W P I ,  
and WP2. Residuum (I,OOO"F+) can be lowered f rom about 16 percent  t o  l ess  than 9 .  
Th is  type o f  product  mix f l e x i b i l i t y  can occur  w i t h o u t  changing r e t o r t i n g  cond i -  
t i o n s  and cou ld  be c a p i t a l i z e d  on, making an i n d u s t r y  much more responsive t o  
changing f u e l  demands. 
a l s o  have s i g n i f i c a n t  economic i m p l i c a t i o n s .  

Environmental Considerat ions 

Th is  va ry ing  product  mix  w i t h  s t a b l e  r e t o r t  c o n d i t i o n s  may 

As s ta ted  e a r l i e r ,  the p o t e n t i a l  impact o f  sha le  p roduc ts  on the  b iosphere i s  
j u s t  beginn ing t o  be de l i nea ted  and evaluated.  W i t h  t h i s  q u a l i f i c a t i o n ,  a few 
general comments can be made a t  t h i s  t ime concern ing t h e  env i ronmenta l  i m p l i c a t i o n s  
o f  t h e  v a r y i n g  product  q u a l i t y  o f  these o i l s .  
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The phys i ca l  p r o p e r t i e s  o f  these o i l s  do n o t  d i f f e r  markedly f rom any o t h e r  
known sha le  o i l ,  so no unusual problems shou ld  a r i s e  f rom t h e  r e t o r t i n g  o r  p roc-  
e s s i n g  o f  o i l s  f rom t h i s  reg ion  as compared t o  any o t h e r .  As f o r  unique chemical 
p r o p e r t i e s  which may be s i g n i f i c a n t ,  none a r e  apparent. The o i l s  have been analyzed 
f o r  a l l  s t a b l e  elements and t h e y  a r e  v e r y  s i m i l a r  t o  o i l s  w i t h  wh ich  we a r e  f a m i l i a r  
(Is). The analyses were o b t a i n e d  by spark source mass spectrometry.  Table 7 g ives  

TABLE 7. - Elemental a n a l y s i s  o f  t h ree  
o i l s  produced by F ischer  
Assay o n  Wyoming core1 

Sect i on  
E 1 ement L2 wp3 WP7 

Molybdenum 
A r s e n i c  
Z i n c  
N icke l  
Coba l t  
I ron  
Ca 1 c i  urn 
Potassium 
C h l o r i n e  
S u l f u r  
Phosphorus 
S i  1 i con  
A I  uminum 
Magnes i um 0.79 7.9 4.6 

A l l  va lues  i n  ppm; elements f o r  
which va lues  a r e  not l i s t e d  a r e  less 
than 0.25 ppm. 

Sod i um 1.4 4.9 2 . 8  

5.8 

0.43 
- 

17 
1 . 1  
0.61 

0.54 
- 

8.5 
4.4 

0.46 
2.7 
0.40 
3 .1  
0.56 

8.8 
6.5 

5.0 
0.77 

40 
1 1  . 

26 

5.4 

3 . 3  
0.62 

3.5 
2.8 
0.28 
1.2 
1.7 

15 
1 . I  

29 

t h e  r e s u l t s  o f  a n a l y s i s  o n  these o i l s .  The c h a r a c t e r  o f  t h e  o r g a n i c  m a t e r i a l s  i s  
under a c t i v e  i n v e s t i g a t i o n  as  t o  compound types  and s p e c i f i c  examples o f  each type. 
Th is  work w i l l  a l l o w  t h e  e v a l u a t i o n  o f  t h e  b i o l o g i c a l  e f f e c t s  o f  these o i l s  t o  be 
made as soon as the  suspect agents  i n  s h a l e  o i l  a r e  i d e n t i f i e d .  The suspect n a t u r e  
o f  t he  var ious  components o f  pe t ro leum i s  w e l l  known (E) and t h e  a n a l y s i s  f o r  
these m a t e r i a l s  i n  s h a l e  o i l s  i s  proceeding. 

I n  an i n v e s t i g a t i o n  o f  t h e  mutagenic e f f e c t s  o f  a sha le  o i l  and a pe t ro leum 
crude, the b a s i c  m a t e r i a l  i n  t h e  s h a l e  o i l  (8% o f  t he  t o t a l  o i l )  was s i g n i f i c a n t l y  
more a c t i v e  o n  a weight b a s i s  t h a n  the  corresponding bas i c  m a t e r i a l  i n  the  p e t r o -  
leum (>I.O% o f  the  t o t a l  o i l )  (20). Since t h i s  i s  t h e  f i r s t  r e p o r t  o f  t h i s  type i t  
i s  v e r y  impor tan t  t h a t  a d d i t i o n a l  da ta  be gathered on o t h e r  samples b e f o r e  the  
r e s u l t s  a re  g e n e r a l i z e d  t o  a l l  pe t ro leums o r  sha le  o i l s .  As the  b i o l o g i c a l  s i g n i f -  
icance o f  t he  v a r i o u s  b a s i c  m a t e r i a l s  i n  sha le  o i l s  i s  repor ted  f u r t h e r ,  a more 
comprehensive statement o f  t h e  p o s s i b l e  environmental  impact o f  t h e  v a r i a t i o n s  o f  
o i l  w i t h  depth  o f  b u r i a l  w i l l  be p o s s i b l e .  The r e s u l t s  o f  t he  s tudy  on compound 
types and s p e c i f i c  compounds found i n  these s h a l e  o i l  f r a c t i o n  w i l l  be fo r thcoming 
i n  the  near f u t u r e .  

SUMMARY 

A se r ies  o f  o i l s  produced by F ischer  Assay o f  a core r e p r e s e n t i n g  I I  major 
S t r a t a  of Nor thern  Green R iver  Basin--Green R i v e r  Format ion o i l  sha le  have been 
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analyzed f o r  phys i ca l  and chemical  p r o p e r t i e s .  Three major p o i n t s  concern ing  t h e  
r e t o r t i n g  and process ing  o f  v a r i o u s  s t r a t a  o f  s h a l e  can be made. 
i c a l  p r o p e r t i e s  o f  a l l  o i l s  a r e  s i m i l a r  and as such, t h e  o i l s  w i l l  r e q u i r e  much t h e  
same handl ing.  Second, the  types o f  bas i c  n i t r o g e n  v a r y  s i g n i f i c a n t l y  i n  t h e i r  
c o n c e n t r a t i o n  which may r e q u i r e  a f l e x i b l e  h y d r o t r e a t i n g  f a c i l i t y  t o  opera te  a t  
maximum e f f i c i e n c y .  Under the  s t a t i c  r e t o r t i n g  c o n d i t i o n s  o f  the  F ischer  Assay, 
p roduc t  m i x  v a r i e s  s i g n i f i c a n t l y  w i t h  t h e  sha le  s t r a t a  be ing  used as source m a t e r i a l .  

Shale f rom these d i f f e r e n t  s t r a t a  can be handled and processed i n  the  same 
way, r e q u i r i n g  no unique environmental  c o n t r o l  technology. To ta l  e lemental  a n a l y s i s  
revea ls  no s i g n i f i c a n t  v a r i a t i o n s  between s t r a t a  and no p o t e n t i a l l y  harmful  elements 
i n  unusual c o n c e n t r a t i o n .  

F i r s t ,  t h e  phys- 
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A LABORATORY APPARATUS FOP CONTDLLED TIIlE/TEMPEPATU”E PETObTING OF O I L  SHALE 

Norman Stout,  Georw Koskinas, and Stephen Santor 

Lawrence Livermore Lahoratory, University of California,  Livermore, Cal ifornia/94550 

INTPODIJCTIDN 

The Lawrence Livermore Laboratory (LLL) i s  currently developinq teChnO1OgY for 
Under t h i s  concept, a column of o i l  modified in-situ re tor t ing  of o i l  sha l e . ( l )  

shale w o u m r o k e n  u p  using mining technioues, a n d  then the  rubhlized o i l  shale 
would be retorted e i the r  through combustion o r  hot-inert-gas methods. 

As par t  of the research e f f o r t  we have designed and b u i l t  an o i l  sha le  assay 
apparatus t h a t  can be used to  simulate and evaluate the e f f ec t s  of v a r i o u s  heating 
schedules tha t  m i g h t  be encountered in-s i tu . (Z)  

Our  apparatus i s  a modification of the standard Fischer assay vessel and 
apparatus.(3.4) 
re tor t ing  (e .g. ,  the descent of qas and possibly l iqu id  products throuqh reacting 
shale under variable thermal conditions).  
gas and l iou id  product recovery ( a n d  hence, f o r  qood mass balance). 
can be operated in e i t h e r  autogenous (self-generated) qas o r  gas-sweep condi t ions . (2)  

mental resu l t s  w i t h  those from a typical Fischer assay apparatus.(3) We refer  t o  
ou r  assay method as the Koskinas, Stout,  Santor (KSS) assay. 

Chanqes were made primarily to  simulate phenomena common i n  in-situ 

The co l lec t ion  system allows fo r  complete 
The apparatus 

I n  the  followinq discussion. we describe the a@paratus and compare our experi- 

APPAPATUS 

The KSS apparatus i s  shown in F i g .  1. I t  has three aa jo r  parts: a r e t o r t  
chamber, a furnace and cont ro l le r  unit .  and a g a s  manifold and o i l  co l lec t ion  system. 
The design and construction of each component i s  described i n  de ta i l  helow. 

RETORT CHAWER 

Our  r e t o r t  d i f f e r s  from the usual Fischer assay r e t o r t  in three resnects.  
F i r s t ,  the product i s  collected from a deliverv tuhe a t  the bot tom of the r e t o r t  
chamber. Second, our r e t o r t  i s  a s t a in l e s s  s t ee l  chamber, sealgd by weldinq and 
hence capable of operating leak-free a t  high temperatures (1000 C )  f o r  lon3 periods 
of time ( >  1 m o n t h ) .  
with a cylindrical  furnace readily ava i lab le  commercially. 

The r e to r t  chamber (Fiq. 2 )  i s  made in two par t s :  the body ( w i t h  downspout) 
and the l i d .  
in diameter with a s t a in l e s s  s tee l  f r i t  of 165-um mesh, 0.45 cm (3/16 in.)  th ick ,  
he l ia rc  welded in the bottom. The f r i t  provides a porous path f o r  gases and l iquids 
flowing from the r e t o r t ,  while retaining so l id  par t ic les  in the chamber. The down- 
spout i s  0.64-cm-diaaeter (1/4-in.) type 304 s t a in l e s s  s t ee l  p ipe ,  25.4 cm (10 ir,.) 
in length. I t  has a 0.64-cm (1/4-in.)  Cajon Ul t ra tor r  O-ring f i t t i n g  on the e x i t  
end. The l i d  i s  a f l a t  disk w i t h  a thermocouple well a t  the center.  The thermo- 
couple well dimensions a re  such t h a t  when the r e t o r t  i s  assenhled, the t i p  i s  
roughly in the middle of the r e t o r t  chamber. 
alumel (type K )  thermocouple i s  inserted in to  the well. 

Third, the simple physical design of t he  chamber i s  compatible 

The main body i s  a cylindrical  s t a in l e s s  s tee l  pipe 3.8 cm (1.25 in . )  

A stainless-steel-sheathed, chromel- 

The l i d  i s  heliarc-welded onto the  hody a f t e r  the sample has heen p u t  in to  the 
r e to r t .  
t ion during welding. there i s  a small void space between the sample and the cap. 

To maintain the  sample in i t s  natural s t a t e  and to eliminate any deqrada- 
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A l a rge  copper b lock i s  clamped t o  the vessel t o  minimize heating o f  the sample near 
the  weld. 

FURNACE 

The furnace used (see Fig. 1 )  i s  25.4 an (10 i n . )  h igh and 15.24 cm ( 6  in.) i n  
diameter. I t  has an aluminum ox ide  tube w i t h  a 4.1275-an ( 1  5/8-in.) i n s i d e  diam- 
e te r ,  wound w i t h  kanthol w i r e  0.187 cm (0.05 in . )  i n  diameter. The furnace has a 
maximum temperature range o f  1200 C. Two chromel-alumel thermocouples ( t y p e  K) are 
used f o r  con t ro l  and temperature measurement. Bubbled alumina beads are used as 
f i l l e r  and i n s u l a t i n g  m a t e r i a l  around the heat ing element. The outs ide w a l l  i s  made 
o f  aluminum, and the  top  and bot tom ends are o f  t r a n s i t e .  A programnable c o n t r o l l e r ,  
Data Trak Model 5310, made by Research Inc., Minneapolis, Minnesota, i s  used t o  
c o n t r o l  the heat ing schedule. 

- 

MANIFOLD AN0 OIL COLLECTION SYSTEM 

The gas man i fo ld  i s  designed t o  use electropneumatic valves and strain-gauge 
pressure transducers so t h a t  t he  data c o l l e c t i o n  and system operat ion can be e a s i l y  
automated. 3To avoid e r r o r s  i n  mass balance, t he  volume o f  the man i fo ld  was kept 
below 10 an . The o i l  c o l l e c t i o n  i s  connected t o  a bel lows and t o  the gas mani fo ld  
by 0.3175-an-diameter (1/8-in.) s t a i n l e s s  s t e e l  tubing. The bel lows a l lows the 
gases generated i n  the autogenous atmosphere heatings t o  f l ow  ou t  o f  the r e t o r t  
chamber with only  moderate pressure changes (67 t o  100 kPa, 0.67 t o  1 atm). When 
t h e  gas reaches roughly  one atmosphere i n  the  bel lows, i t  i s  t rans fe r red  t o  a 2-8 
s ta in less  s t e e l  c o l l e c t i n g  b o t t l e .  

thimble. A small amount o f  g lass wool i s  i n s e r t e d  i n  the  top o f  the th imble t o  
condense any o i l  m i s t  produced du r ing  the  assay. 

The o i l  c o l l e c t o r  i s  a graduated, 12-cm3 c e n t r i f u g e  cone, placed i n s i d e  a glass 

SAMPLE PREPARATION 

Sample u n i f o r m i t y  d i r e c t l y  a f f e c t s  ou r  a b i l i t y  t o  judge the accuracy of the 
KSS technique and apparatus and t o  make comparisons w i t h  c o m e r c i a l  assay resu l t s .  
We w i l l  t he re fo re  descr ibe the  sample p repara t i on  i n  some d e t a i l .  

We obtained o i l  shale from t h e  Anv i l  Points  Mine near  Ri f le ,  Colorado. A 
number o f  pieces weighing from 4 t o  12 kg each were crushed and sieved; ma te r ia l  
Passing a 20-mesh screen (841 urn) was re ta ined  and the  coarser mater ia ]  was d i s -  
carded. The densi ty  o f  t h e  21.0 kg o f  re ta ined  m a t e r i a l  was 2.28 g/an , correspond- 
i n g  t o  a p red ic ted  y i e l d  o f  88.0 e / t  (20.0 ga l lons/ ton) .  (5 )  The i n i t i a l  batch was 
separated into a l i q u o t s  by a s p i n  r i f f l i n g  technique. (6)  The s p i n  r i f f l e r  i s  shown 
i n  Fig. 3, and the  separat ion scheme i s  shown i n  Fig. 4. The f i r s t  s p l i t  gave s i x  
a l i q u o t s  weighing about 3.5 kg each. These 3.5-kg a l i q u o t s  were s p l i t  i n t o  585-9 
batches as needed. A t h i r d  s p l i t  gave samples o f  about 95 g each, which were used 
i n  the  r e t o r t i n g  experiments. Four o f  these 95-9 a l i q u o t s  were sent  t o  Commercial 
Tes t i ng  and Engineering Company f o r  F ischer  assay, 

TWO of the 95-9 a l i q u o t s  were s p l i t  f u r t h e r  i n t o  8-9 and 0.6-9 a l i q u o t s  f o r  
m ine ra l  carbonate, t o t a l  carbon and hydrogen analyses. The r e s u l t s  o f  12 deter-  
minations of t o t a l  carbon gave 15.97 w t %  carbon, a t o f  a measurement,,*0.076, and 95% 
confidence l i m i t s  o f  t h e  mean, t0.048. We d i d  49 determinations o f  acid-evolved 
Co The r e s u l t s  showed 22.19 w t %  C02, IJ o f  a measurement, t0.18, and 95% conf i -  
degce l i m i t s  of t h e  mean, t0.05. The organic  carbon ca l cu la ted  from these analyses 
i s  9.914 * 0.05 wt%.  Organic hydrogen content  was unce r ta in  because of the 
u n c e r t a i n t y  i n  water content. 

The unused 3.5-kg and 585-9 a l i q u o t s  were kep t  i n  sealed conta iners so as t o  
exclude a i r  dur ing storage. 
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PROCEDURE .- 
A 95-9 al iquot  of o i l - sha le  powder was weighed exact ly  and placed in  the r e t o r t  

chamber. The r e t o r t  l i d  was :wlded t o  the chamber and the r e t o r t  reweighed. Thc 
r e t o r t  and sample were then dr ied a t  100°C i n  a vacuum f o r  1 h ,  cooled t o  room 
terr.;cr2tvre, a n d  reweighed. (Typical weight loss  due t o  dryin7 was 0.23% of sample 
weight.) 
and the r e t o r t  was placed in the furnace and connected to  the co l lec t ion  system and 
manifold setup. The furnace openings were l i g h t l y  plugged with insulat ing material 
(Fiberfrax) .  The system was then evacuated, checked f o r  leaks,  and backfi l led with 
argon t o  a preesure of 67 kPa (0.67 atm). The sample wa5' t h e n  heated i n  t h g  Fischer 
assay mode (12 C/min t o  500°t, with a f ina l  holding period cf  30 min a t  500 C).(3,4) 
After the system had cooled, the weights of a l l  products (gas .  o i l ,  and water) were 
determined. The o i l  co l lec tor  was centrifuged t o  separate  the  o i l  and water phase. 
Most of the o i l  was removed with a p ipe t te ,  and the o i l  remaining with the water 
phase was extracted w i t h  benzene followed by hexane. 
evaporate, and the weight of the water was determined. The water phase was then 
discarded. 

All of the components of the product-collection systems were then weighcd, 

The hexane was allowed to  

The spent shale  was sp in- r i f f led  in to  a l iouots ,  one of which was analysed f o r  
Oil densi ty  was determined usinq a 3-cm3 pycnomeher. C, H ,  N,  and S. 

a l iquot  was taken f o r  analyses, and the  remainder was s tored a t  0 I: under a r g o n .  
The product gas 'was weighed and then analysed by mass spectrometry. 
was corrected f o r  the i n i t i a l  amount of argon and the amount of qas remaining i n  
the retort-bellows system. We found this  correct ion t o  he t r i v i a l .  

An overall material balance was calculated by comparinq the weight loss  during 
heating t o  the to ta l  mass of the products c o l l e c t e d . .  Typical ly ,  the r e s u l t s  ranged 
from 99.0 t o  101.0%. 
balance resu l t s  wil l  ranqe from 99.9 t o  100.1%. A typical  run  sheet  is  shown i n  
the appendix. 

An o i l  

The rJas mass 

I f  the spent sha le  i s  counted as a product, the material 

PESULTS AHD DISCUSSION 

EXPERIMENTS I N  THE FISCHER ASSAY t m E  

The resu l t s  of our assays i n  the Fischer assay mode a r e  sumnarized in Tables 1 
and 2. The  mass y ie lds ,  in  kg/ t ,  were measured d i r e c t l y .  The volume y ie lds ,  i n  
gal / ton,  were calculated from the mass y ie lds  via:  

k(~ 0.239653 ga1.t.g 
Yield(vol)  gal / ton = Yield(mass) 3 p g/cm3 ton- kg'cm 

The volume y ie ld  depends on the o i l  densi ty ,  which inoturn depends on the temper- 
ature. Since the o i l  industry 
r e p o p s  dens i t ies  a t  15.6 C (6OoF), we measured severa o i l s  a t  bote 21 C and 
15.6 C and found the dens i t ies  t o  be 1% higher a t  15.6*C.' The 15.6 C dens i t ies  
l i s t e d  in  Table 1 a re  calculated values. 

The resu l t s  from the four commercial Fischer assays a r e  l i s t e d  in  Table 3. 
To compare the c o n e r c i a l  assay values with our work, we calculated mass yields  
from the reported volume yields  and dens i t ies .  
measured a t  the same temperature. 

83.25 kg/t. 
the standard deviation of the measurement shown in Table 1 ,  we can determine 

We normally measube o i l  dens i t ies  a t  21 C (70 F ) .  

We assumed t h a t  both values were 

Our  work gave a mean y ie ld  of 84.07 kg/t and the commercial resu l t s  gave 
Using the "t" test ( 7 )  of s ign i f icance  between two sample means and 
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t h a t  t he re  i s  a 60% p r o b a b i l i t y  t h a t  t h e  two assay values are the  same. 

The unce r ta in t y  i n  ou r  KSS assay procedure fo r  a s i n g l e  determinat ion i s  about 
1.2%. The unce r ta in t i es  i n  the  t o t a l  carbon and acid-evolved CO a re  0.5% and 0.8%. 
We be l i eve  t h a t  the  a n a l y t i c a l  procedures are more p rec i se  than ehese numbers 
imply,  and t h a t  the  major c o n t r i b u t i o n  t o  s t a t i s t i c a l  s c a t t e r  comes from the sp in -  
r i f f l i n g  technique used i n  sampling. 

J. Ward Smith (3) repo r ted  u o f  *0.3%, and 95% conf idence l i m i t s  o f  the  mean 
o f  *0.3% i n  h i s  paper on Fischer assay procedures. 
repor ted  95% confidence l i m i t s  o f  0.8 t o  1.6% on a se r ies  o f  assays. 
they  s ta te ,  "Our experience has been t h a t  most problems w i t h  p rec i s ion  and accuracy 
can be t raced t o  inadequate sample preparat ions procedures." We c e r t a i n l y  agree. 
The r e s u l t s  discussed above are  summarized i n  F ig ,  5. 

The o i l s  f rom our assays were analysed f o r  C, H ,  : I ,  and S .  
n o t  at tempt t o  c a r r y  ou t  a complete elemental  balance as d i d  Smith, (3 )  i t  i s  
i n t e r e s t i n g  t o  compare ou r  products w i t h  h i s  work and w i t h  the  work o f  Goodfellow 
arid Atwood. (4) Our o i l  had a composi t ion o f  CH N S Smith 's o i l s  were 
CH N S Our da ta  on the  d i s t r i b ~ t i o n ' b ~ ~ o P 9 8 ~ i ? ' ? 8 ~ ~ o n  among the 
prdU8&.P*8&?;0?&r, and gas) were a l so  s l i g h t l y  d i f f e r e n t  from those o f  Smith (3 )  
and o f  Goodfellow and Atwood. ( 4 )  

73.2% i n  o i l ,  19.7% i n  char, and 7.1% i n  gas (by  d i f f e rence ) .  
was 66% i n  o i l ,  23.5% i n  char, and 10.5% i n  
64.6% i n  o i l ,  24.63 i n  char,  and 11% i n  qas ?byed i f f e rence ) .  

shales and F ischer  assay y i e l d s  f o r  152 samples o f  Green P iver  o i l  shale,  and our 
o i l  y i e l d ,  i n  w t % ,  ca l cu la ted  f rom t h e  organ ic  carbon content o f  t he  raw shale. 
f a l l s  w i t h i n  the  unce r ta in t y  l i m i t s  o f  Cook's c o r r e l a t i o n ,  

Goodfellow and Ptwood (4) 
Furthermore, 

Although we d i d  

The organic  carbon o r i g i n a l l y  present  i n  t h e  shale (9.914 wt%) was d i s t r i b u t e d  
Smith 's d i s t r i b u t i o n  

as Goodfellow and P.twood repor ted  

I n  1974, Cook (8) repo r ted  c o r r e l a t i o n s  between elemental ana lys i s  of  raw 

USE OF KSS RETORT APPARATUS FOR NONPOUTINE RESEARCH 

Beyond rou t i ne  F ischer  assays, t he  apparatus descr ibed above i s  v e r s a t i l e  
Me have r e c e n t l y  repor ted  a 

I n  some cases, a c o n t r o l l e d  sweep o f  i n e r t  gas was used. I n  a l l  

enough t o  handle a v a r i e t y  o f  unique experiments. 
se r ies  o f  experiments (2 )  on t h e  e f f e c t s  o f  long-term hea t  soaking on o i l  y i e l d  
f rom powdered shale samples, 
up t o  400 C. 
experiments, t he  KSS apparatus was used, and i t  gave e x c e l l e n t  ma te r ia l  balances 
(see Ref. 2 f o r  r e s u l t s ) .  

product ion.  
isothermal experiments, we found e x c e l l e n t  agreement. I n  these k i n e t i c  s tud ies ,  
we were ab le  t o  use the KSS apparatus w i thou t  any modi f icat ions,  and the  k i n e t i c  
experiment s imulated the  r e a l  i n - s i t u  c o n d i t i o n  (nonisothermal heat ing) .  

r a t e s  and gas sweep atmospheres on o i l  y i e l d  f rom powdered o i l  shale i n  1-in. 
cores. (2 )  Again, the KSS apparatus was used w i thou t  mod i f i ca t i on .  
of t h i s  l a s t  i n v e s t i g a t i o n  g i ve  i n s i g h t  i n t o  the  mechanism o f  o i l  degradat ion 
dur ing  l o n g - t e n  i n - s i t u  r e t o r t i n g  experiments. 

Heat ing t imes ranged from 8 t o  800 h and temperatures 

Usinq a nonisothermal technioue, (9 )  we have a lso  made a k i n e t i c  study of o i l  
Comparing t h e  r e s u l t s  o f  t h i s  study w i t h  those from a number of o ther  

More recent ly ,  we have completed s tud ies  on the  e f f e c t s  o f  d i f f e r e n t  heat ing  

The r e s u l t s  

CONCLUSIONS 

We have designed, b u i l t ,  and tes ted  a s i r n n l i f i e d  l abo ra to ry  r e t o r t  system 
(Kss apparatus) t h a t  s imulates cond i t i ons  i nvo l ved  i n  i n  s l t u  011 sha le  processing. 
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The apparatus i s  o f  simple design, and i t  can be used w i t h  commercial ly a v a i l a b l e  
c y l i n d r i c a l  furnaces. The welded c losure i s  rugged and l e a k - t i g h t .  When operated 
i n  the F ischer  assay mode, o u r  apparatus g i ves  r e s u l t s  i n d i s t i n g u i s h a b l e  from those 
of a F ischer  assay, I t  can p rov ide  exce l l en t  mass 
balance i n  a wide v a r i e t y  o f  r e t o r t i n g  experiments, 
used. The heat ing schedule i s  completely p roqramable ,  and the apparatus can r u n  
unattended f o r  long per iods ( >  1 month). 

The KSS apparatus i s  v e r s a t i l e ,  
Various sweep gases can be 
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TABLE 1 - 

MATERIAL 
SAMPLE BALANCE Y I E L D   YIELD^ I NO. ( X )  (kg/ t) ( s a l / t )  

KSS Assay Results 

DENSITY ( g/cm3) 

a t  2loC a t  15.6OC 

( 4-5) - 4  - 84.98 22.2d 
(1-1)-4 85.33 22. jd - - 1  I 

195% Confidence Li mi ts 1 of the  Mean 0.71 0.2 

asample numbers r e f e r  t o  the sample-spl i t t ing scheme shown i n  Fig. 4. 

bYield i n  gal / ton calculated a t  15.6OC from mass y i e l d  and density. 

'Density a t  15.6OC = densi tv  a t  2loC (measured) x 1.01. 

dYield i n  gal/ton calculated using mean densi ty ,  0.917 g/cm . 
eDensity estimated by visual measurement o f  o i l  volume; not used i n  

3 

calculat ion of mean densi ty .  
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TABLE 2 

Analytical Summary 

- 

% of Original Elemental Analysis, w t %  
Total Organic Organic Carbon 

Sample Carbon Carbon Hydroaen Nitrogen Sulfur  Oxygen Present 

Raw Shale 15.97 9.914 1.43 0.34 0.14 - 100 
Spent Shale 8.84 2.19 0.19 0.17 0.15 - 19.7 
O i  1 86.38 86.38 11.22 2.06 0.67 - 73.2 
Gasa 57.9 57.9 12.3 - - 29.8 7.1 (by difference)  

a24.2 vol % C02; 26.1 vol % H2; 18.4 vol I CH4; q+C; = 25.9 vol X (average composition 
f o r  c C,, = C3,2  H 7 , 5  

TABLE 3 

Results o f  Fischer Assay 

I 

Performed by Comnercial Testing and Enaineerino Co. 

(1-11-3 
(1-1)-5 
( 4-5) -2 
(4-5)-6 

84.02 22.2 
83.05 21.8 
82.78 21.8 
83.16 21.9 

0.907 
0.913 
0,910 
0.910 

Mean Value 83.25 21.9 0.910 

u of a Measurement 0.54 0.2 

95% Confidence Limits 
of the Mean 0.85 0.3 

Sample numbers re fer  to  the sample-spl i t t ing scheme shown i n  Fig. 4 I a 
I 

bYield in  k g / t  calculated from volume y ie ld  and densi tv  

'Density measurement a t  an unknown temperature - see  t e x t  
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APPENDIX: Typical Material Balance Sheet f o r  Oil Yield Experiments 
(Fischer  Assay Heating Schedule) 

- 
1, 
2 .  
3.  
4. 
5. 
6. 
1. 

9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
21. 

29, 
30. 
31, 
32. 
33. 
34 s 

a. 

28. 

Wei h t  
(sB 

I tem 

Retort  and l i d  
Tare and sample 
Tare 
Sample ( 2  - 3) 
Assembled f u l l  r e t o r t  (1  + 4) 
Assembled and welded retort before drying 
Weight change due t o  welding ( 5  - 6)  
Assembled and welded retort a f t e r  drying 
Weight l o s s  due t o  drying (6 - 8) 
kleight of r e t o r t  after heat ing 
Weight loss on heat ing (8  - 10) 
Collection tube, o i l ,  and water 
Collect ion tube and water  
Col lect ion tube (clean)  
Weight of water (13 - 14)  
Weight of o i l  (12 - 13)  
Thimble, glass  wool, and o i l  
Thimble and g l a s s  wool (c lean)  
Oil  i n  thimble (17 - 18) 
Downspout, s topper ,  and o i l  
Downspout and s topper  (c lean)  
Oil  i n  downspout (20 - 21) 
Total o i l  co l lec ted  (16 + 19 + 22) 
Gas bulb ( f u l l )  
Gas bulb (evacuated) 
Gas col lected (24 - 25) 
Gas correct ion 
Total product co l l ec t ed  (26 + 27 + 23 + 15) 
Pycnometer and o i l  
Pycnometer (c lean)  

3 Oil densi ty ,  g/cm [(29 - 30)/3.0 cm31 
Material balance, % (28 x 100/11) 
Oil y i e ld ,  kg/ t  (23 x 1000/4) 
Oil y i e l d ,  gal/ton (33  x 0.239653/31) 

296.5312 
227.3068 
125.5600 
101.7468 
398.2780 
398.2472 

0.0308 
397.9693 

0.2779 
386. 8700 

11.0993 
27.2546 
19.5628 
18.8655 
0.6973 
7.6918 

74.4964 
73.6902 
0.8062 

25.3609 
25.3030 
0.0579 
8.5559 

919.4503 
91 7.6485 

1.8018 

0.0312 
11 .OG62 
28.9494 
26.21 19 
0.9125 

99. 88 
84.0901 
22.085 
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Sta in less  s t r e l  
r e t o r t  chamber7 rTwcel 1 

' Gas measurinq and' Oil-' 1 f col lec t ion  bellows co l l ec to r  I I ---- _- - -_ - - - -______ 
Gas manifold and o i l  

col 1 e c t i  on system 

1 

5 s  

y j g .  1. Schcmatic of t h e  KSS o i l  Fig. 2. Retor t  chamber assembly (dimensions in am). 
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I n i t i a l  b a t c h  m 

- --- --- 
--- 

- --- 
- 

( 4 - 5 ) -  

I I I 1 (;95 g each) 

(1-1)-  

1 2 3 4 5 6  1 2 3 4 5 6  

Sent t o  Comniercial T e s t i n g  and 
I 1 E n g i n e e r i n g  Co. f o r  F i s c h e r  assay I I 

Fig. 4 .  Sample-separation flow chart. 

t2 

+1 
c, E: 

W 

W a 
? O  

-1 

-2  

--- Standard dev i  a t  i on 
- 95% conf idence l i m i t s  of  t he  mean I 

Fig. 5. Comparison of the accuracy of assay results from various sources. 
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OIL-~HALE'S PROPERTIES, PECULIARITIES, AND POSSIBILITIES. John Ward Smith, 
U.S. ERDA, Laramie Energy Research Center, P. 0. Box 3395, U n i v e r s i t y  S t a t i o n ,  
Laramie, Wyoming 82071 

The w o r l d ' s  o i l  sha les  rep resen t  a tremendous s t o r e  o f  f o s s i l  f u e l  energy, e s t i m a t e d  
to be  many t imes l a r g e r  than  t h a t  o f f e r e d  by c o a l .  O i l  s h a l e  has an immediate advantage 
In  t h a t  i t s  p r imary  p roduc t  i s  o i l  which can feed  d i r e c t l y  i n t o  o u r  e s t a b l i s h e d  consump- 
t i o n  p a t t e r n s .  A l though o i l  sha le  i s  d i f f i c u l t  t o  d e f i n e  unambiguously, o i l  s h a l e  i s  
b e s t  descr ibed as a sedimentary r o c k  c o n t a i n i n g  s o l i d ,  combus t ib le  o r g a n i c  m a t t e r  i n  an 
i n o r g a n i c  m ine ra l  m a t r i x .  The o r g a n i c  m a t t e r ,  f r e q u e n t l y  c a l l e d  kerogen, i s  l a r g e l y  
i n s o l u b l e  i n  pe t ro leum s o l v e n t s ,  b u t  decomposes when heated t o  y i e l d  o i l ,  g a s ,  wate r ,  and 
r e s i d u a l  carbon. World resources a r e  summarized and t h e  h i s t o r y  and s t a t u s  o f  wor ld -w ide  
development e f f o r t s  o u t l i n e d .  O i l  s h a l e  i s  a s t range  r o c k  whose p r o p e r t i e s  a r e  m o d i f i e d  
and even c o n t r o l l e d  by i t s  o r g a n i c  m a t t e r  con ten t .  Dens i t y  v a r i e s  w i t h  o r g a n i c  volume - 
genera l  o i l - s h a l e  r e l a t i o n s h i p s  a r e  d iscussed.  The hydrogen a v a i l a b l e  t o  make hydrocarbons 
i n  t h e  o rgan ic  ma t te r  c o n t r o l s  how much o i l  can be produced f rom any o i l  shale.  A genera l  
r e l a t i o n s h i p  between C - H  r a t i o a n d  convers ion  o f  o r g a n i c  m a t t e r  t o  o i l  i s  descr ibed.  The 
organ ic  ma t te r  o f  t he  o i l  sha les  i n  U n i t e d  S t a t e s '  Green R i v e r  Format ion i s  ex t reme ly  r i c h  
i n  hydrogen. T h i s  depOsi t  i n  Colorado, Utah,  and WyorninS i s  t he  W o r l d ' s  l a r g e s t  oil-shale 
resource. I t s  p h y s i c a l ,  chemical  and thermal  c h a r a c t e r  and p r o p e r t i e s  a r e  summarized. 
Common misconcept ions about  t h e  s h a l e  a r e  debunked - i t  does n o t  i nc rease  i n  s i z e  when 
heated t o  produce o i l ,  i t  does n s t  have l i q u i d  o i l  i n  i t ,  and t h e  o r g a n i c  m a t t e r  d i f f e r s  
v e r y  l i t t l e  thro i ighout  t h e  fo rma t ion .  
i n g  co-products w i t h  the o i l  f rom o i l  s h a l e  a r e  desc r ibed  and t h e  v a r i a t i o n  i n  tha  n a t u r e  
of t h e  format ion l ead ing  t o  a p p l i c a t i o n  o f  d i f f e r e n t  development methods a t  d i r r e r z n t  
s l t e s  i s  descr ibed.  

DavJSOnite and n a h c o l i t e ,  m i n e r a l s  capabie o f  y i e l d -  
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SULFUR I N  HEAVY OILS, OIL SANDS AND OIL SHALES 

Wi lson L. Orr 

---- ----- 

MOBlL RESEARCH AND DEVELOPMENT CORPORATION 
FIELD RESEARCH LABORATORY 

DALLAS, TEXAS, 75221 

INTRODUCTION 

S u l f u r ,  a f t e r  carbon and hydrogen, i s  o f t e n  the  most abundant element 
in  f o s s i l  o r g a n i c  m a t e r i a l s ,  whereas i n  b i o l o g i c a l  t i s s u e s  and t h e i r  degradat ion 
products  oxygen and n i t r o g e n  u s u a l l y  a re  m r e  abundant than s u l f u r .  I n  r a r e  
cases, the s u l f u r  con ten t  on a we igh t  bas i s  even exceeds t h e  hydrogen con ten t .  
Nevertheless, s u l f u r  i n  pet ro leum appears t o  be non-essent ia l ,  i .e . ,  i t  i s  
n o t  a necessary component f o r  t h e  format ion o f  pe t ro leum and r e i a r e d  bitumens 
because some o f  these m a t e r i a l s '  c o n t a i n  o n l y  t race  amounts. 

i n t e r e s t  for two major  reasons: 1)  For i t s  behavior  d u r i n g  process ing and i n  
a p p l i c a t i o n s :  I t  can cause problems i n  process ing and has d e l e t e r i o u s  e f f e c t s  
on t h e  environment i n  many a p p l i c a t i o n s ,  and 2) For i t s  geochemical s i g n i f i c a n c e ,  - i.e., fo r  understanding processes which determine i t s  abundance, d i s t r i b u t i o n ,  
and chemical combinat ion ( forms)  d u r i n g  b o t h  t h e  fo rma t ion  and a l t e r a t i o n  o f  
f o s s i l  o rgan ic  m a t e r i a l s  i n  g e o l o g i c  environments. 

s u l f u r  in  crude o i l s ,  o i l  sands and r e l a t e d  m a t e r i a l s .  The f i r s t  s e c t i o n  o f  
t h i s  paper b r i e f l y  summarizes some o f  t h e  f a c t u a l  knowledge concern ing the  
abundance and forms o f  s u l f u r  i n  these m a t e r i a l s ,  e s p e c i a l l y  i n  crude o i l s .  
Fo l lowing t h i s  i s  a more s p e c u l a t i v e  s e c t i o n  d i scuss ing  op in ions  and ou r  under- 
s tand ing  o f  t h e  geochemical processes be l i eved  t o  c o n t r o l  and modi fy  t h e  abundance 
and forms o f  s u l f u r .  
knowledge, many impor tant  ques t i ons  a re  s t i l l  debated and d i v e r s e  views w i l l  
be found i n  t h e  l i t e r a t u r e .  

The chemis t r y  o f  s u l f u r  i n  f o s s i l  f u e l s  and r e l a t e d  m a t e r i a l s  i s  o f  

Emphasis i n  t h i s  paper i s  on  t h e  second area -- t h e  geochemistry o f  

In s p i t e  o f  much research and a g r e a t  body o f  f a c t u a l  
. 

THE NATURE AND ABUNDANCE OF SULFUR I N  FOSSIL FUELS 

Crude o i l s  and bitumens v a r y  i n  s u l f u r  con ten t  f rom less  than 0.05 t o  
mare than 14%, a l t hough  r e l a t i v e l y  few produced crude o i l s  c o n t a i n  more than 4% 
s u l f u r .  Most o i l s  c o n t a i n  from 0.1 t o  3% s u l f u r .  S i m i l a r  v a r i a t i o n s  i n  s u l f u r  
c o n t e n t  a r e  found i n  l i g n i t e s ,  c o a l s  and t h e  o rgan ic  ma t te r  (kerogen) i n  o i l  
sha les  and o t h e r  sedimentary rocks.  

have been g i v e n  by Dean and Whitehead (11, R a l l  sal. ( 3 3 )  and Zobe l l  (43) .  
Drushel  a l s o  reviewed s u l f u r  compound types i n  pet ro leum w i t h  emphasis on a n a l y t i c a l  
methods (12 ) .  Cha l lenger ' s  monograph on t h e  o rgan ic  chemis t r y  o f  s u l f u r  (6)  inc ludes 
much o f  t h e  e a r l y  work on s u l f u r  i n  f o s s i l  f u e l s  as w e l l  as aspects o f  b iochemist ry  
and b iogeochemist ry  o f  s u l f u r .  
r e c e n t l y  summarized by O r r  (28 ) .  
processes i n  t h e  fo rma t ion  o f  s u l f u r  depos i t s  (19) and on t h e  b iochemis t r y  o f  
i no rgan ic  s u l f u r  compounds w i t h  emphasis on m ic rob io logy  (35).  

Hydrogen s u l f i d e "  and e lementa l  s u l f u r  d i s s o l v e d  i n  crude o i l s  u s u a l l y  
a r e  a very minor p o r t i o n  o f  t he  t o t a l  s u l f u r  i f  they a r e  present  a t  a l l  (24, 

* O i l s  c o n t a i n i n g  d e t e c t a b l e  amounts o f  hydrogen s u l f i d e  o r  mercaptans ( t h i o l s )  

Comprehensive rev iews concern ing s u l f u r  and s u l f u r  compounds i n  petroleum 

The biogeochemistry o f  s u l f u r  has been m r e  
Monographs a r e  a v a i l a b l e  a l s o  on m ic rob io log i ca l  

a r e  r e f e r r e d  t o  as "sour crudes". 
should n o t  be c a l l e d  sour  (24). However, hydrogen s u l f i d e  i n  a sour crude o i l  
i s  e a s i l y  o x i d i z e d  by a i r  t o  e lementa l  s u l f u r  d u r i n g  su r face  hand l i ng  and 
processing. L a t e r ,  d u r i n g  thermal t reatment ,  H2S may form again from thermal 
reac t i ons  o f  t h e  e lementa l  s u l f u r  w i t h  o t h e r  components and/or f rom thermal 
decomposit ion o f  uns tab le  s u l f u r  compounds.. 

High s u l f u r  o i l s  w i t h o u t  these components 
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I t  i s  reasonable t h a t  t h e  s u l f u r i z a t i o n  o f  o rgan ic  ma t te r  can occur  a t  
any s tage i n  t h e  g e o l o g i c a l  h i s t o r y  of a g i v e n  m a t e r i a l  i f  proper  c o n d i t i o n s  
p r e v a i l .  However, ma:dy advocates for a l a t e  i n t r o d u c t i o n  apparen t l y  d o  n o t  
app rec ia te  the magnitude o f  s u l f u r  i n c o r p o r a t i o n  i n t o  i n i t i a l  sedimentary o r g a n i c  
ma t te r  i n  c e r t a i n  environments. For example, humic ac ids  e x t r a c t e d  from young 
mar ine sediments c o n t a i n  f rom 0.8 t o  6 %S, and these a c i d i c  po lymer ic  m a t e r i a l s  
make up f rom 20 t o  60% of t h e  o rgan ic  ma t te r  i n  many sediments (26). 
my be considered major  p recu rso rs  o f  kerogen which i n  t u r n  can be the  major 
p recu rso r  o f  pet ro leum (41). 

o r i g i n a t e s  from o r g a n i c a l l y  combined s u l f u r  i n  t h e  kerogen o f  source rocks ,  and 
t h e r e f o r e  t h e  major  s u l f u r  compounds and hydrocarbons a r e  formed toge the r .  
They g i v e  a number o f  examples i l l u s t r a t i n g  t h a t  h i g h - s u l f u r  kerogens produce 
h i g h - s u l f u r  o i l s  and v i c e  versa. 
t h a t  more s u l f u r  compounds a r e  formed d u r i n g  t h e  e a r l y  stages o f  o i l  genera t i on  
from a g i v e n  kerogen than d u r i n g  t h e  l a t e r  stages o f  i t s  decomposit ion. Thus 
t h e  s u l f u r  content  o f  an o i l  i s  a f u n c t i o n  o f  b o t h  t h e  i n i t i a l  s u l f u r  con ten t  
o f  i t s  source kerogen and i t s  s t a t e  o f  ma tu ra t i on  o r  e v o l u t i o n .  I b e l i e v e  these 
conc lus ions  a re  e s s e n t i a l l y  c o r r e c t  and a r e  accepted by a l a r g e  number o f  geo- 
chemists. Never the less,  t h e r e  a r e  subsequent changes and a l t e r a t i o n s  i n  o i l s  
a f t e r  they are formed, p o s s i b l y  d u r i n g  t h e i r  m i g r a t i o n ,  and a f t e r  t h e i r  accumu- 
l a t i o n  i n  r e s e r v o i r s .  Many quest ions remain about t h e  n a t u r e  and importance o f  
these e f f e c t s .  Evidence o f  l a t e  s u l f u r i z a t i o n  and competing d e s u l f u r i z a t i o n  of  
o i l s  d u r i n g  thermal m a t u r a t i o n  i n  some h i g h  temperature r e s e r v o i r s  has been 
demonstrated (27, 291, b u t  s i n c e  t h i s  does n o t  r e l a t e  d i r e c t l y  t o  heavy o i l s  
i t  w i l l  n o t  be discussed. 

s'tanding o f  the o r i g i n  o f  s u l f u r  i n  pet ro leum and suppor t  t h e  v iew f o r  i t s  e a r l y  
' i 'ncorporation i n t o  o i l  p recu rso r  m a t e r i a l s .  These s t u d i e s  i n d i c a t e  t h a t  a l a r g e  
p o r t i o n  o f  the s u l f u r  has been d e r i v e d  f rom reduced s u l f u r  !H2S and/or S o )  showing 

t y p i c a l  i s o t o p i c  f r a c t i o n a t i o n  a t t r i b u t e d  t o  m i c r o b i a l  reduc t i on  o f  s u l f a t e  
%der cond i t i ons  where t h e  supply  o f  s u l f a t e  i s  n o t  l a r g e l y  reduced (i.5, i n  
an open system)(27, 36, 37, 38). 

I t  has been e s t a b l i s h e d  t h a t  t h e  6% values o f  sea water  have f l u c t u a t e d  
cons ide rab ly  w i t h  g e o l o g i c  pe r iods  (17, 37, 38) and t h a t  6% values of s u l f u r  
i p  c rude  o i l s  show p a r a l l e l  f l u c t u a t i o n s  w i t h  geo log ic  age bu t  a r e  commonly 

s e r v a t i o n s  a re  m s t  reasonably  exp la ined  by i s o t o p i c  f r a c t i o n a t i o n  d u r i n g  
c r o b i a l  reduc t i on  o f  sea water  s u l f a t e  a t  t h e  t i m e  o f  sediment depos i t i on .  i"' e H2S and/or So thus formed became inco rpo ra ted  into sedimentary o rgan ic  

ma t te r  w i t h  r e t e n t i o n  of i t s  i s o t o p i c  r a t i o .  L a t e r  w i t h  t h e  fo rma t ion  o f  pet ro leum 
by thermal processes r e s u l t i n g  f rom deeper b u r i a l ,  t h e  s u l f u r  compounds formed 
$ i t h  t h e  hydrocarbons r e t a i n  t h e  i s o t o p i c  r a t i o  r e f l e c t i n g  t h e  o r i g i n a l  i s o t o p i c  
f r a c t i o n a t i o n .  

ma t te r  may be expected t o  be determined by I )  t h e  abundance o f  s u l f a t e  i n  t h e  
water ,  2) t he  Eh of the  environment near the  sediment-water i n t e r f a c e  which i s  
one o f  t h e  c o n t r o l s  on t h e  i n t e n s i t y  o f  m i c r o b i a l  s u l f a t e  reduc t i on ,  3) t h e  

*Su l fu r  i so tope  r a t i o s  a r e  repo r ted  as d e v i a t i o n s  (6 - values)  i n  p a r t s  pe r  m i l  

Humic a c i d s  

Gransch and Posthuma (16) conclude t h a t  m s t  o f  t h e  s u l f u r  i n  crude o i l s  

They a l s o  concluded f rom l a b o r a t o r y  experiments 

Studies o f  s u l f u r  i so tope  r a t i o s  (34S/32S)q have c o n t r i b u t e d  t o  o u r  under- 

/oo l i g h t e r  i s o t o p i c a l l y  than sea water  s u l f a t e  o f  t he  same age. These 

The amount o f  s u l f u r  i n i t i a l l y  i nco rpo ra ted  i n t o  sedimentary o rgan ic  

(O/oo) from a s tandard accord ing t o  the  r e l a t i o n s h i p :  

The s tandard i s  t r o i l i t e  from the  Canyon O iab lo  m e t e o r i t e  which has an abso lu te  
34S/32S  r a t i o  accepted as 0.0450045. 
nega t i ve  w i t h  respec t  t o  t h e  standard. 

The 6 3 4  values can be e i t h e r  p o s i t i v e  cr 
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n a t u r e  and abundance o f  o r g a n i c  m a t t e r  which no t  o n l y  a f f e c t s  t h e  e x t e n t  o f  s u l f a t e  
r e d u c t i o n  b u t  a l s o  i n f l uences  t h e  degree t o  which reduced s u l f u r  spec ies w i l l  
become o r g a n i c a l l y  combined through reac t i ons  w i t h  r e a c t i v e  f u n c t i o n a l  groups, 
and 4) t he  abundance o f  i r o n  o r  o t h e r  elements ( ca t i ons )  which compete w i t h  organic  
m a t t e r  f o r  t h e  reduced s u l f u r .  Thus, w i t h  t h e  v a r i a t i o n s  which can occur  in 
these f a c t o r s ,  and accep t ing  t h e  concept t h a t  s u l f u r  i n  t h e  sedimentary o rgan ic  
ma t te r  i s  t h e  major source o f  s u l f u r  i n  any o i l  de r i ved  theref rom, i t  i s  easy 
t o  understand t h a t  crude o i l s  as i n i t i a l l y  formed can have wide v a r i a t i o n s  i n  
s u l f u r  content .  These v a r i a t i o n s ,  t h e r e f o r e ,  r e f l e c t  c o n d i t i o n s  o f  t h e  i n i t i a l  
sedimentary environments. 

t h e  s u l f u r  i n  crude o i l s  t o  l a t e  s u l f u r i z a t i o n  r e s u l t i n g  f rom m i c r o b i a l  s u l f a t e  
reduc t i on  o c c u r r i n g  i n  r e l a t i v e l y  sha l l ow  petro leum r e s e r v o i r s  (2, 8, 14) .  
M i c r o b i a l  s u l f a t e  r e d u c t i o n  c e r t a i n l y  has been demonstrated i n  pet ro leum rese rvo i r s  
( I ,  2 ,  3 ,  8 ,  14) and as a r e s u l t  o i l  f i e l d  waters  a r e  o f t e n  very d e f i c i e n t  i n  
s u l f a t e .  However, t h e  e x t e n t  t o  which t h e  r e s u l t i n g  hydrogen s u l f i d e  r e a c t s  
w i t h  t h e  o i l  i s  d i f f i c u l t  t o  eva lua te .  I t  i s  probably  v a r i a b l e  and o f t e n  
n e g l i g i b l e .  Petroleum no  longer  con ta ins  t h e  abundance o f  r e a c t i v e  f u n c t i o n  
groups which e x i s t e d  i n  younger o r g a n i c  m a t e r i a l s  i n  the  e a r l y  source environments. 
I t s  s u l f u r i z a t i o n  i s  expected t o  be very s low  and p o s s i b l y  n e g l i g i b l e  i n  low 
temperature r e s e r v o i r s  where m i c r o b i a l  a c t i v i t y  occurs.  For example, Gransch 
and Posthuma (16) i l l u s t r a t e  t h a t  t h e r e  i s  n o t  a dramat ic  d i f f e r e n c e  i n  s u l f u r  
con ten t  between " f l a n k  o i l s "  and "cap-rock o i l s "  assoc ia ted  w i t h  G u l f  Coast s a l t  
domes e s p e c i a l l y  i f  any d i s s o l v e d  elemental s u l f u r  i s  d iscounted i n  t h e  cap-rock 
o i l s .  S u l f a t e  reduc t i on  i s  known to have been ve ry  a c t i v e  i n  many o f  t h e  
cap-rocks as evidenced by d e p o s i t s  o f  e lementa l  s u l f u r  and secondary c a l c i t e  (14). 

Although i t  i s  d i f f i c u l t  t o  e x t r a p o l a t e  l a b o r a t o r y  experiments t o  geolog ic  
cond i t i ons ,  t h e  experiments r e p o r t e d  by Bestougef f  and Combaz a r e  o f  i n t e r e s t  

d i f f e r e n t  o rgan ic  m a t e r i a l s  and t h e  r e l a t i v e  i ne r tness  o f  o:ls and o i l  f r a c t i o n s .  
Low b o i l i n g  f r a c t i o n s  a r e  ve ry  i n e r t  b u t  h i g h  b o i l i n g  f r a c t i o n s  and res idues 
( f r a c t i o n s  enr iched i n  a s p h a l t i c  he te roa tomic  and a romat i c  compounds) a r e  more 
r e a c t i v e  t o  s u l f u r i z a t i o n  by hydrogen s u l f i d e ,  elemental s u l f u r  and p o l y s u l f i d e s .  
These observat ions suppor t  t h e  v iew t h a t  s u l f u r i z a t i o n  o f  o i l s  i n  low temperature 
r e s e r v o i r s  i s  no t  easy and t h a t  any s u l f u r  which may be in t roduced should be 
l a r g e l y  in  the  heavy ends o f  t h e  o i l .  

There i s  another  school o f  thought  which would a t t r i b u t e  a l a r g e  p a r t  o f  

( 5 ) .  They demonstrated g rea t  d i f f e r e n c e s  i n  the  ease o f  s u l f u r i z a t i o n  o f  I 

B .  E f f e c t s  o f  B iodegradat ion and Water-Washing on S u l f u r  i n  F o s s i l  Fuels  
These crude o i l  a l t e r a t i o n  processes have been adequate ly  d iscussed i n  

t h e  l i t e r a t u r e  ( I ,  2, 8, 1 3 ,  32, 42) and o n l y  se lec ted  aspects  can be reviewed 
here. These processes a r e  d iscussed toge the r  because they commonly occur  together  
i n  o i l  r e s e r v o i r s .  An a c t i v e  a q u i f e r  f a c i l i t a t e s  bo th  processes. 

Water-washing r e f e r s  t o  t h e  e x t r a c t i v e  removal o f  crude o i l  components 
which, o f  course, depends on  t h e i r  s o l u b i l i t y  i n  the  aqueous phase. Biodegrada- 
t i o n  r e f e r s  t o  t h e  o x i d a t i o n  of c rude  o i l  components by b a c t e r i a  and t h e r e f o r e  
has b iochemica l l y  c o n t r o l l e d  s e l e c t i v i t y  which may be d i f f e r e n t  f o r  va r ious  
m i c r o b i a l  communities. 

does not .  Nevertheless, a c t i v e  a q u i f e r s  assoc ia ted  w i t h  pet ro leum r e s e r v o i r s  a r e  
commonly shal low and temperatures a r e  t h e r e f o r e  s u f f i c i e n t l y  low f o r  m i c r o b i a l  
a c t i v i t y .  
anaerobic  s u l f a t e  reduc ing  b a c t e r i a .  

known f o r  many years by m i c r o b i o l o g i s t s  ( 3 ,  8, 40 ) ,  bu t , t he  u t i l i z a t i o n  o f  hydro- 
carbons by anaerobic  microorganisms i s  debated and i s  d i f f i c u l t  t o  demonstrate 
i n  t h e  l abo ra to ry  (8 ) .  Never the less,  f i e l d  s t u d i e s  and n a t u r a l  obse rva t i ons  
p rov ide  s tong evidence o f  m i c r o b i a l  r e d u c t i o n  o f  s u l f a t e  (an anaerobic  process) 
i n  many s i t u a t i o n s  where pe t ro leum hydrocarbons a r e  t h e  most l i k e l y  o rgan ic  
s u b s t r a t e  a v a i l a b l e  (8, 14, 19, 32). Furthermore, t he re  i s  ample evidence t h a t  
i n  many such cases secondary c a l c i t e  has been formed which has carbon i s o t o p e  
rat ios i n d i c a t i n g  t h a t  i t s  carbon must have been d e r i v e d  f rom t h e  o x i d a t i o n  Of 
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M i c r o b i a l  a c t i v i t y  has an upper temperature l i m i t  whereas water-washing 

The a q u i f e r  may supply  oxygen f o r  ae rob ic  b a c t e r i a  and/or s u l f a t e  f o r  

M i c r o b i a l  u t i l i z a t i o n  o f  hydrocarbons by ae rob ic  microorganisms has been 



hydrocarbons (14). 
i n  t h e  subsurface does occur  and may i n v o l v e  bo th  ae rob ic  and anaerobic  micro-  
organisms. 

s t i m u l u s  by the  r a t h e r  d e f i n i t i v e  s tudy o f  t h e  B e l l  Creek F i e l d  repo r ted  by 
Winters  and Wi l l i ams  i n  1969 (42) .  I n  t h i s  case t h e  b iodegrada t ion  was a t t r i b u t e d  
l a r g e l y  t o  aerobic  microorganisms because o f  r e l a t i o n s h i p s  between changes i n  o i l  
composi t ion and l o c a t i o n s  o f  w e l l s  i n  t h e  f i e l d .  Shal lower  o i l s  c l o s e r  t o  t h e  
a q u i f e r  ou tc rop  were more degraded than deeper o i l s  f u r t h e r  from t h e  ou tc rop .  
V a r i a t i o n s  o f  oxygen w i t h  d i s t a n c e  from t h e  ou tc rop  were considered t o  be a con- 
t r o l l i n g  f a c t o r .  

Most recen t l y ,  P h i l i p p i  (32) has taken a s t r o n g  p o s i t i o n  suggest ing t h a t  
a l l  "primary" crude o i l s  a r e  p a r a f f i n i c ,  and t h a t  a l l  "naphthenic" crude o i l s  
a r e  the  r e s u l t  o f  m i c r o b i a l  a t t a c k  on t h e  pr imary o i l s .  He a l s o  b e l i e v e s  t h a t  
anaerobes a r e  e f f e c t i v e  i n  these t rans fo rma t ions .  Ba i l ey  et&. ( I )  a l s o  assume 
t h a t  b a c t e r i a  can me tabo l i ze  most types o f  hydrocarbons i n c l u d i n g  aromat ics and 
naphthenes a l though n-alkanes a r e  most r e a d i l y  a t tacked .  Thus, i t  has become 
common f o r  geochemists t o  accept c e r t a i n  c r i t e r i a ' a s  evidence o f  m i c r o b i a l  
degradation. Major gross c r i t e r i a  a r e  a r e l a t i v e  decrease i n  n-alkanes, an increase 
i n  d e n s i t y  (decrease i n  API g r a v i t y ) ,  and an increase i n  cyc loa lkanes,  aromat ics 
and heteroatomic compounds ( N ,  S, and 0 compounds). Isoprenoids,  59, p r i s t a n e  
and phytane, i n i t i a l l y  show an apparent increase r e l a t i v e  t o  n-alkanes because 
o f  t h e i r  slower u t i l i z a t i o n  b u t  subsequent ly  they decrease r e l a t i v e  t o  c y c l o -  
alkanes and o t h e r  compounds. P h i l i p p i  and o the rs  have discussed a d d i t i o n a l  
c r i t e r i a  based on t h e  r e l a t i v e  amounts o f  va r ious  compound types and/or isomer 
r a t i o s .  Un fo r tuna te l y ,  no a b s o l u t e l y  s t a b l e  marker i s  known which would a l l o w  
assessment o f  abso lu te  changes r a t h e r  than r e l a t i v e  changes. 

It must be concluded t h a t  m i c r o b i a l  o x i d a t i o n  o f  crude o i l s  

I n t e r e s t  i n  b iodegrada t ion  of crude o i l s  i n  r e s e r v o i r s  received a new 

Our i n t e r e s t  i n  t h i s  paper cen te rs  main lv  on t h e  increase i n  s u l f u r  
content  o f  o i l s  d u r i n g  b iodegradat ion.  We subsckibe t o  t h e  t h e s i s  t h a t  t h e  
increase i n  s u l f u r  con ten t  occasioned by b iodegrada t ion  i s  l a r g e l y  due t o  losses 
o f  non -su l fu r  compounds r a t h e r  than t o  an i n t r o d u c t i o n  o f  a d d i t i o n a l  s u l f u r .  
Some consequences o f  t h i s  t h e s i s  and evidence f o r  i t s  s u m o r t  a re  a i ven  below. 
However, i t  should be c l e a r  t h a t  d e f i n i t i v e  da ta  a r e  s t i i l  lack ing-and t h e  problem 
needs f u r t h e r  study. 

o i l s  from a common source, t h e  s u l f u r  con ten t  o f t e n  increases by a f a c t o r  o f  2 
o r  3 ( I ,  2, 13, 16)"; t h e  f a c t o r  may be g r e a t e r  i n  ve ry  heavy aspha l t s  and t a r  
sands b u t  d e f i n i t i v e  data a r e  n o t  a v a i l a b l e  t o  my knowledge. I f  t h i s  increase 
i s  mere ly  a concen t ra t i on  o f  s u l f u r  compounds from t h e  r e l a t i v e  loss o f  n o n - s u l f u r  
compounds, i t  requ i res  t h a t  50 t o  70% o f  t h e  i n i t i a l  o i l  must be destroyed. 
I n  most cases t h i s  i s  g r e a t e r  than t h a t  p o s s i b l e  from s e l e c t i v e  removal o f  n-alkanes 
a lone  and the re fo re  apprec iab le  losses o f  iso-  and cyc lo-a lkanes and aromat ics 
a r e  requ i red .  
losses must be even g r e a t e r -  I n  t h e  absence o f  an abso lu te  marker o r  complete 
m a t e r i a l  balance in fo rma t ion ,  we cannot draw a f i n a l  conc lus ion .  Never the less,  
such l a r g e  losses may be poss ib le .  

The l i m i t e d  data on s u l f u r  i so tope  r a t i o s  f o r  Midway-Sunset o i l s  shown 
i n  F ig .  8 a r e  c o n s i s t e n t  w i t h  t h e  above suggest ion t h a t  t h e  s u l f u r  increase 
d u r i n g  b iodegrada t ion  does n o t  n e c e s s a r i l y  i nvo l ve  the  i n t r o d u c t i o n  o f  new s u l f u r  
formed by m i c r o b i a l  r e d u c t i o n  of  s u l f a t e .  These t h r e e  o i l s ,  which vary i n  s u l f u r  
content  from 0.51 t o  1.08% and i n  A P I  g r a v i t y  from 26.1 t o  15.1", have e s s e n t i a l l y  
i d e n t i c a l  s u l f u r  i so tope  r a t i o s .  T h i s  suggests t h a t  e i t h e r  l i t t l e  or no new 

*It i s  o f  some i n t e r e s t  t h a t  t h e  increase i n  %N and in  o p t i c a l  a c t i v i t y  appears 

I n  repo r ted  s u i t e s  o f  o i l s  b e l i e v e d  t o  represent  undegraded and biodegraded 

I f  some o f  t h e  s u l f u r  compounds a r e  a l s o  u t i l i z e d ,  then, o f  course, 

, s u l f u r  was in t roduced o r  t h e  r a t h e r  u n l i k e l y  co inc idence t h a t  t he  s u l f u r  i n t roduced  

, t o  be o f  t h e  same o r d e r  o f  magnitude. 
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had t h e  same s u l f u r  i so tope  r a t i o  as t h a t  i n  the  o r i g i n a l  o i l .  F u r t h e r  i s o t o p i c  
s t u d i e s  o f  t h i s  t ype  i n c l u d i n g  measurements on assoc ia ted  hydrogen s u l f i d e  and 
s u l f a t e s  shou ld  h e l p  a e l i n e a t e  s i t u a t i o n s  where s u l f u r i z a t i o n  does o r  does n o t  
occur dur ing b iodegrada t ion  o f  crude o i l s .  

t h e  homogeneity o f  s u l f u r  isotopes i n  crude o i l s .  Monster (23) demonstrated 
t h a t  s u l f u r  i s o t o p e  r a t i o s  were a lmost  i d e n t i c a l  i n  t h e  asphal tenes and va r ious  
chromatographic f r a c t i o n s  f rom a few crude o i l s .  
and Combaz (5)  a r e  v a l i d ,  one would expect  t h e  newly in t roduced s u l f u r  t o  be 
mos t l y  i n  the  more p o l a r  and h ighe r  mo lecu la r  weight  f r a c t i o n s .  Therefore,  
a homogeneous d i s t r i b u t i o n  o f  s u l f u r  i so tope  r a t i o s  would n o t  be expected 
unless the r e a c t i n g  hydrogen s u l f i d e  and/or elemental s u l f u r  had t h e  same i so tope  
r a t i o s  as t h a t  o f  t h e  s u l f u r  i n i t i a l l y  i n  t h e  o i l s .  The o i l s  examined by Monster 
a r e  regarded as biodegraded o i l s .  They inc luded two o f  t h e  M iss ion  Canyon (MC-5) 
oils s tud ied  by B a i l e y  sal. ( 2 )  and t h e  Athabasca o i l  sand. 
have been examined f o r  homogeneity o f  s u l f u r  isotopes.  Another case i s  t h e  
Fourbear o i l  f rom t h e  B ig  Horn Basin. I n  t h i s  case ve ry  l i t t l e  d i f f e r e n c e  i n  
s u l f u r  isotope r a t i o s  was found i n  d i s t i l l a t i o n s  c u t s  and t h e  d i s t i l l a t i o n  res idue  
(see F ig.  1 1  i n  re fe rence  27). T h i s  i s  one of t h e  heav ies t  and probably  mast 
biodegraded o i l s  i n  t h e  B i g  Horn Basin. 

o i l s  and t a r  sands do n o t  n e c e s s a r i l y  have a h i g h  s u l f u r  content .  Th i s  was 
emphasized by C l a i r e t  zt. (7) i n  r e p o r t i n g  on t h e  heavy o i l s  o f  t h e  Emeraude 
F i e l d  and some nearby b u t  deeper l i g h t  oils. The l i g h t  o i l s  w i t h  o n l y  about 
0.12%5 were concluded t o  be t h e  t ype  o f  o i l  which d u r i n g  b iodegrada t ion  i n  the  
Emeraude F i e l d  produced heavy o i l s  w i t h  about 0.8%. 
l ow ing  statement (T rans la ted  from French t e x t ) :  We a r e  l e d  t o  suppose t h a t  t he  
s u l f u r  enrichment i n  t h e  course o f  b i o l o g i c a l  d e g ~ d a t i o n s ~ a ~ n ~ a n -  
e f f e c t  o f  c o n c e n t r a t i o n  o f  t h e  products  not consumed by microorganisms, and does 
n o t  imply  any apprec iab le  i n t r o d u c t i o n  o f  s u l f u r  f rom ou ts ide .  

Another b i t  o f  evidence suppor t i ng  t h e  above p o s i t i o n  may be found i n  

I f  t h e  conc lus ions  o f  Bestougeff 

Only a few o i l s  

A t h i r d  argument f o r  ou r  t h e s i s  may be t h e  f a c t  t h a t  biodegraded heavy 

These authors make t h e  f o l -  

-- - 
C .  S u l f u r i z a t i o n  and D e s u l f u r i z a t i o n  Processes i n  High Temperature Reservoi rs  

ma tu ra t i on  o f  crude o i l s  a r e  impor tant  f o r  understanding t h e  geochemistry o f  
s u l f u r  i n  o i l s ,  bitumens, pyrobitumens and n a t u r a l  gases. However, because these 
processes have l i t t l e  t o  do w i t h  heavy o i l s  o r  t h e  o t h e r  s u b j e c t  m a t e r i a l s  except 
by way o f  c o n t r a s t ,  we s imp ly  ment ion t h e i r  e x i s t e n c e  and re fe rence  d iscuss ions 
d e a l i n g  w i t h  them (27, 29, 30). 

ma tu ra t i on  o f  o i l s .  The s u l f u r  i s  l o s t  p a r t l y  as hydrogen s u l f i d e  and p a r t l y  
as p r e c i p i t a t e d  r e s e r v o i r  bitumens o r  pyrobitumens. Under c e r t a i n  c o n d i t i o n s  
hydrogen s u l f i d e  may accumulate and s u l f u r i z a t i o n  may compete w i t h  d e s u l f u r i z a t i o n .  
T h i s  can lead  t o  a dynamic s t e a d y - s t a t e  s u l f u r  system. These i n t e r e s t i n g  h i g h  
temperature processes a r e  impor tan t  i n  understanding deep o i l s ,  condensates and 
n a t u r a l  gases. They can lead  t o  gases unusua l l y  r i c h  i n  hydrogen s u l f i d e  and 
condensates unusua l l y  r i c h  i n  t h i o l s .  

Changes i n  abundance and forms o f  s u l f u r  which occu r  d u r i n g  thermal 

I n  h i g h  temperature r e s e r v o i r s  d e s u l f u r i z a t i o n  always accompanies thermal 

SUMMARY AND CONCLUSION 

We have b r i e f l y  reviewed t h e  geochemistry o f  s u l f u r  as i t  r e l a t e s  to crude 

Heavy o i l s  and a s p h a l t i c  o i l  sands a r e  b e l i e v e d  t o  have been formed l a r g e l y  
o i l s  and o t h e r  f o s s i l  f ue l s .  

by b iodegrada t ion  o f  l i g h t e r  o i l s .  The s u l f u r  con ten t  o f  a heavy o i l  and/or o i l  
sand i s  b e l i e v e d  t o  be determined l a r g e l y  by the  s u l f u r  con ten t  o f  t he  undegraded 
p recu rso r  o i l  and t h e  e x t e n t  o f  b iodegrada t ion  which i nvo l ves  a p r e f e r e n t i a l  
removal o f  n o n - s u l f u r  components. New s u l f u r  probably  i s  n o t  added t o  t h e  res idua l  
o i l  d u r i n g  b iodegrada t ions  b u t  i t s  concen t ra t i on  i s  increased ma in l y  because 
of t h e  removal o f  o t h e r  components. 
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OPTICAL ACTIVITY OF SHALE OIL FOR PARAMETER STUDY I N  RETORTING 

Dale L. Lawlor 

Laramie Energy Research Center 
Energy Research and Development Admin i s t ra t i on  

P. 0. Box 3395, U n i v e r s i t y  S t a t i o n  
Laramie, Wyo. 82070 

INTRODUCTION 

Opt i ca l  a c t i v i t y  has been observed i n  pet ro leum and i n  i sop reno id  compounds, 
steranes, and t r i t e r p a n e s  e x t r a c t e d  from o i l  sha le  (1-3). 
p roper t y  t h a t  can r e f l e c t  t h e  mo lecu la r  i n t e g r i t y  o f  a former b i o l o g i c a l  system and 
has been used t o  eva lua te  t h e  geochemical h i s t o r y  of pet ro leum f rom d i f f e r e n t  
geo log i ca l  ages (1) .  Op t i ca l  isomer data have been used as a b i o l o g i c a l  c lock  i n  
geochronological research  ( 4 )  and have been used t o  determine t h e  p o s s i b l e  o r i g i n  o f  
c e r t a i n  carbonaceous c h o n d r i t e  me teo r i t es  (5) .  The key t o  s tudy ing  these organic  
systems i s  t h e  slow decay o f  t h e  o p t i c a l l y  a c t i v e  molecules, as a r e s u l t  o f  low- 
l e v e l  heat (geo log i ca l  t ime) ,  i n t o  o p t i c a l l y  n e u t r a l  mix tures.  R e t o r t i n g  o f  o i l  
sha le  kerogen acce le ra tes  t h i s  decay process. 
o p t i c a l  a c t i v i t y  d a t a  as a means o f  s tudy ing  t h i s  convers ion o f  kerogen i n t o  sha le  
o i l .  Stud ies a t  t h e  Laramie Energy Research Center have demonstrated t h a t  shale o i l  
produced from bench-scale and f i e l d  i n - s i t u  experiments i s  o p t i c a l l y  a c t i v e .  
i n s i g h t s  i n t o  the  r e t o r t i n g  process may now be p o s s i b l e  by f o l l o w i n g  the  changes i n  
o p t i c a l  a c t i v i t y .  

Preparat ion o f  Shale O i l s  

ments and one f i e l d  r e t o r t i n g  experiment. 
i n  t h e  c o n t r o l l e d - s t a t e  r e t o r t  (CSR), descr ibed i n  d e t a i l  by Duval l  ( 6 ) .  I n  b r i e f ,  
t h e  r e t o r t  i s  an e l e c t r i c a l l y  heated, 3- in .  by 1 3 - f t  s t a i n l e s s  s t e e l  p ipe .  The 
e l e c t r i c  heaters  a r e  spaced each 6 inches and a r e  moni tored by thermocouples i n s e r -  
t e d  i n  a 1 - i n c h  p i p e  through the  c e n t e r  o f  t he  3 - inch  p ipe.  
t he  t o p  of  t h e  r e t o r t ,  i s  used as a sweep gas. 

36.5-gal/ton shale from t h e  A n v i l  Points ,  Colo., mine and by r e t o r t i n g  under t h e  
c o n d i t i o n s  shown i n  Table I .  
produced o i l  f lowed by g r a v i t y  w i t h  ass i s tance  from the  n i t r o g e n  sweep gas and was 
c o l l e c t e d  a t  the bottom o f  t h e  r e t o r t .  The c o l l e c t e d  o i l  was t r a n s f e r r e d  t o  a 
d i s t i l l a t i o n  f l ask  and was d i s t i l l e d  t o  remove water  and naphtha. The naphtha was 
separated from the water and was r e t u r n e d  t o  t h e  o i l .  P roper t i es  o f  t h e  d r i e d  o i l  
a r e  shown i n  Table 11. Naphtha and l i g h t  d i s t i l l a t e  f r a c t i o n s  a f t e r  t a r  a c i d  and 
t a r  base removal were f r a c t i o n a t e d ,  u s i n g  s i l i c a  ge l  chromatography, i n t o  saturates,  
o l e f i n s ,  and aromatics. 

Op t i ca l  a c t i v i t y  i s  a 

Th is  paper descr ibes t h e  use o f  

New 

EXPERIMENTAL 

The th ree  se ts  o f  sha le  o i l s  s tud ied  were from two l a b o r a t o r y  r e t o r t i n g  e x p e r i -  
The l a b o r a t o r y  experiments were conducted 

Ni t rogen,  admi t ted a t  

The f i r s t  se t  o f  o i l s  was prepared by f i l l i n g  the  r e t o r t  wi th 1/8- t o  l /Z - i nch ,  

The sha le  was heated f rom t h e  t o p  downward; t he  

TABLE I .  - CSR r e t o r t i n g  c o n d i t i o n s  

Zone Sweep Sweep Maximum 
Heat ing r a t e .  temo.. v e l o c i t v .  g?, gas, - _ .  

' F / k  n O F  . i n . / h r  f t ' / h r  SCF/ftL 

2 1,000 3 1.5 24 
20 1,000 12 14 224 
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TABLE 11. Proper t i es  o f  CSR crude o i l s  

O i  1 
R e t o r t  y i e l d ,  
hea t ing  % o f  S p e c i f i c  Pour V i s c o s i t y ,  V i s c o s i t y ,  

"F/mi n assay 60/60"F OF sus sus w t . *  

2 96.4 .925 45 148 69 282 
20 87.6 .921 35 263 131 21 9 

ra te ,  F ischer  g r a v i t y  p o i n t ,  100°F 130°F Molecular  

*Vapor-phase osmometry i n  benzene 

The second s e t  o f  o i l s  was prepared b j  f i l l i n g  o n l y  t h e  bottom 6- inch zone o f  
t h e  r e t o r t  w i t h  1/8- t o  1/2- inch shale and the  n e x t  6- inch zone w i t h  ceramic beads. 
O i l s  were prepared u s i n g  hea t ing  r a t e s  o f  0.1, 1, 2, 4, and 10°F per minute and a N2 
f l o w  r i r t e  o f  14 ft3 per  hour. 
reached. 

A maximum spent-shale temperature of 1200°F was 
The c o l l e c t e d  o i l s  were d r i e d  by c e n t r i f u g a t i o n .  

The t h i r d  s e t  o f  o i l s  was c o l l e c t e d  f rom t h e  i n - s i t u  r e t o r t i n g  S i t e  9 near Rock 
Springs, wy0.(7). A 4 0 - f t  zone o f  f r a c t u r e d  o i l  shale was r e t o r t e d  i n  advance of a 
combustion f r o n t  t h a t  propagated r a d i a l l y  from a c e n t r a l  a i r  i n j e c t i o n  w e l l  toward 
surrounding p roduc t i on  we l l s .  One p roduc t i on  w e l l ,  No. 7, l o c a t e d  50 f e e t  f rom t h e  
i n j e c t i o n  we l l ,  was sampled f o u r  t imes d u r i n g  a 2-month pe r iod .  The c o l l e c t e d  o i l s  
were d r i e d  by c e n t r i f u g a t i o n .  

Preparat ion of Satu ra te  F r a c t i o n  

A 0.5-9 sample o f  d r i e d  
o i l  was d i sso l ved  i n  1 m l  o f  cyclohexane and p laced on a 2- by 75-cm column o f  150 g 
c f  28- t o  200-mesh s i l i c a  gel (Matheson Grade 10) prewet w i t h  n-hexane (Burd ick and 
Jackson Laborator ies,  I nc . ) .  The column was e l u t e d  w i t h  240 m l  o f  n-hexane a t  a 
f l o w  r a t e  o f  7 t o  8 m l  pe r  minute. 
t r a t e d  t o  20 m l  by evaporat ion under N p ,  and t h e  concentrated s o l u t i o n  was used f o r  
o p t i c a l  a c t i v i t y  measurements. 

Op t i ca l  A c t i v i t y  Measurements 

Op t i ca l  a c t i v i t y  was measured on t h e  s a t u r a t e  f r a c t i o n  u s i n g  a 10-cm, s t r a i n -  
f r e e  quar t z  c e l l  i n  a Jasco 3-20 spec t ropo la r ime te r  i n  t h e  o p t i c a l  r o t a r y  d i spe rs ion  
mode. Data were recorded i n  t h e  250- t o  660-nm wavelength range. A so lven t  b lank  
a f t e r  each run  was used t o  determi'ne t h e  basel ine.  The observed r o t a t i o n  f rom 300 
t o  600 nm wavelengths was converted t o  degrees o f  s p e c i f i c  r o t a t i o n ,  [ a ] 2 5 ,  by t h e  
f o l l o w i n g  formula: 

The procedure i s  b a s i c a l l y  t h a t  used by R e d f i e l d  (8 ) .  

The n-hexane-eluted s a t u r a t e  f r a c t i o n  was concen- 

where a = observed r o t a t i o n ,  1 = sample pa th  l e n g t h  i n  decimeters, and c = concen- 
t r a t i o n  o f  sample i n  g p e r  m l ;  i .e . ,  t h e  weight  o f  o i l  charged t o  t k e  s i l i c a  ge l  
column d i v i d e d  by t h e  volume o f  the s a t u r a t e  s o l u t i o n  i n  the  c e l l .  

RESULTS AND DISCUSSION 

Shale o i l s  a r e  deeply  co lored,  and thus a r e  n o t  e a s i l y  amenable t o  o p t i c a l  
a c t i v i t y  measurement. Fo r tuna te l y ,  t h e  o p t i c a l l y  a c t i v e  molecules, steranes, d i - ,  
tri-, and te t ra te rpanes  ( 3 ) ,  a r e  found e s s e n t i a l l y  i n  t h e  t ransparen t  s a t u r a t e  
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fraction so t h a t  measurements can be made on this  f rac t ion .  
degrade t o  racemic or op t i ca l ly  inac t ive  mixtures during the r e to r t ing  process. 

Optical a c t i v i t y  measurements on the f i r s t  s e t  of o i l s  show t h a t  op t ica l ly  
ac t ive  molecules do survive the  r e to r t ing  process, and t h i s  occurs t o  varying 
degrees. 
a t  a l l  wavelengths. 
in the  20°F-per-minute o i l  than in the  2°F-per-minute o i l .  

Other evidence of increased cracking w i t h  increased heating r a t e  i s  shown in 
Table I1 where the  o i l  y ie ld ,  the pour point,  and the molecular weight decrease. 
More def in i t ive  cracking evidence is seen i n  the o l e f in  increase (Table 111) from 48 
t o  54 percent f o r  the naphtha and from 49 to 65 percent fo r  the l i g h t  d i s t i l l a t e .  

TABLE 111. - Hydrocarbon-type ana lys i s  of neutral o i l s  

These molecules partly 

The data plotted i n  Figure 1 show l e s s  a c t i v i t y  i n  the 20°F-per-minute o i l  
This a c t i v i t y  difference ind ica tes  more degradation or cracking 

Retort 
heating , Vol. percent 

"Fimin  Saturates 01 ef ins  Aromatics Saturates Olefins Aromatics 
r a t e ,  Naphtha Light d i s t i l l a t e  

2 38 48 14 30 49 21 
20 32 54 14 24 65 11 

The second s e t  o f  o i l s  was chosen fo r  a more de ta i led  study of the e f f ec t  of 
heating r a t e  on optical  a c t i v i t y .  
samples of the resu l t ing  o i l s  were separated and measured. 
show good reproducibil i ty since ro ta t iona l  differences between dupl ica te  samples a re  
generally l e s s  than 0.1" of ro t a t ion .  A plo t  of the da ta ,  Figure 2 ,  shows a consis- 
t en t  trend toward decreasing a c t i v i t y  w i t h  increasing heating ra tes .  The top curve, 
representing the  o i l  prepared a t  a 0.1'F per minute heating r a t e ,  ranges from above 
~ . ~ O [ C I ] ~ ~  t o  about 0 . 6 " [ ~ 1 ] ~ ~ .  
0.4°[,]25. 
optical  ac t iv i ty  a s  a n  inverse function of heating r a t e .  The o i l s  produced a t  
higher ra tes  show the l e a s t  a c t i v i t y ,  implying more thermal energy exposure t o  the 
product o i l ,  which causes more o i l  degradation. 

Optical a c t i v i t y  measurements were made on four o i l s  collected from the Rock 
Springs, S i t e  9,  i n - s i tu  r e to r t ing  experiment (Fig. 3 ) .  Using data plotted from the 
450-nm wavelength, differences a re  apparent i n  the  o i l  composition from the four 
da tes  over a time span  of over two months. These differences seem t o  r e f l e c t  
changes in operation t h a t  a l t e r ed  the r a t e  of combustion. 
5 t o  22, propane was burned in the in jec t ion  well t o  es tab l i sh  combustion and 
re tor t ing .  The produced o i l ,  because of exposure t o  hot combustion gases, showed a 
low optical  a c t i v i t y  o f  about 0.3 degrees. 
in jec t ion  on April 23 probably resu l ted  in a cooler r e to r t ing  system which produced 
the  higher op t i ca l ly  ac t ive  o i l  co l lec ted  on May 5. Propane in jec t ion  was resumed 
on May 8, and l a t e r  a i r  in jec t ion  i n  a d i f f e ren t  well produced hot te r  combustion 
conditions,  resu l t ing  i n  the lower op t i ca l ly  ac t ive  o i l s  sampled on May 25 and June 
8. These conclusions a r e  t en ta t ive  and do warrant fur ther  data evaluation and 
experimentation. The in-situ o i l s  i n  general show one-third t o  one- half  the opti-  
cal  ac t iv i ty  of the  control led-state produced o i l s  and, therefore ,  apparently have 
experienced more degradation o r  cracking. 

Five heating r a t e s  were chosen, and duplicate 
The r e su l t s ,  Table IV, 

The 10°F-per-minute heated o i l  ranges from 1.9 to  
Shale o i l s  prepared from the controlled s t a t e  r e t o r t  show changes in 

During the period April 

Conversion from propane t o  air-only 
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SUMMARY 

The poss ib i l i ty  of using opt ica l  a c t i v i t y  data t o  study cracking during o i l -  
shale re tor t ing  was confirmed by examining sha le  o i l s  prepared a t  d i f f e ren t  heating 
r a t e s  using the  bench-scale cont ro l led-s ta te  r e to r t .  
s h i p  between sha le  o i l  op t i ca l  a c t i v i t y  and heating ra te .  The o i l s  prepared from 
in-situ f i e ld  experiments have opt ica l  a c t i v i t y  values t h a t  a r e  inversely propor- 
t iona l  t o  the suspected underground r e to r t ing  temperatures and ind ica te  more severe 
and variable r e to r t ing  conditions than the  controlled s t a t e  r e t o r t  system. Further 
use o f  optical  a c t i v i t y  data may be useful i n  understanding the r e to r t ing  process i n  
the laboratory and i n  cont ro l l ing  the  process i n  the f i e l d .  

The r e s u l t s  show a re la t ion-  
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THE EFFECTS OF SOME ALKALI METAL PROMOTORS ON COKE DEPOSITION AND THE CATALYTIC 
ACTIVITY OF A Co0-Mo03-A1203 CATALYST.. James F .  Kelly and Nar ten  Ternan, Energy 

Research Labora tor ies ,  Dept. of Energy, Mines and Resources, c / o  555 Booth S t r e e t ,  
Ottawa, Canada, K1A OG1. 

I n  t h e  c a t a l y t i c  hydrocracking of  Athabasca bitumen, coke format ion  on the  
c a t a l y s t  s u r f a c e  l e a d s  t o  r a p i d  c a t a l y s t  d e a c t i v a t i o n .  I n  a n  a t t e m p t  t o  reduce c a t a l y s t  
d e a c t i v a t i o n  by coke d e p o s i t i o n ,  a series of A12C3 supported c a t a l y s t s  ( 2 . 2 %  Mo03-l..15Z 
COO) promoted with l i t h i u m ,  sodium o r  potassiuni carbonate  was prepared and eva lua ted .  
Metal s a l t s  and carbonates  were added t o  aluminn by spraying aqueous s o l u t i o n s  of t h e  
a p p r o p r i a t e  s p e c i e s  onto  alumina monohydrate i n  a mix-muller. C a t a l y s t  e v a l u a t i o n  
experiinents were performed i n  a bottom-fced continuous-flow t u b u l a r  r e a c t o r  opera ted  
a t  450°C, 1 .39  x lo4 kPa and a l i q u i d  v o l m e t r i c  space v e l o c i t y  of 0.29 ksL1 based on 
the t o t a l  cmpty r e a c t o r  volume. All c a t a l y s t  samples were presulphided with bitumen a t  
43OoC before  eva lua t ion .  An experimental  approach to t h e  de te rmina t ion  of t h e  amount of 
coke depos i ted  on  the  c a t a l y s t  dur ing  r e a c t i o n  i n  the  presence of bitumen is d e s c r i b c d .  
The e f f e c t s  of the  i n v e s t i g a t e d  cnrboiiate pronotors  on measured c a t a l y s t  coke l e v e l s  a r e  
d iscussed ,  a s  wcll a s  the  r e s u l t i n g  changes i n  the c a t a l y t i c  hydrodesulphur iza t ion  and 
hydrodeni t rogennt ion a c t i v i t i c s  due to  t h e s e  promotors. 
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Effec t  of  Shale Al te ra t ions  i n  O i l  Recovery. Ionic  Treatments. 

W. Kubacki 

I n s t i t u t o  de  Invest igaciones Petroleras  
Facultad de Ingenier ia  

Universidad de l  Zul ia  
Maracaibo, Venezuela. 

INTRODUCTION 

The permeability and poros i ty  of t h e  sedimentary rock i n  an o i l  f i e l d  a r e  respon- 
sible f o r  t h e  s torage,  de tec t ion  and migration of o i l  and gas. Previously,  i t  was 
bel ieved t h a t  these proper t ies  were not changed even i f  one or more of t h e  rock com- 
ponents, such as s i l i c a  clays, reacted with the  f l u i d s  used during o i l  recovery. 
However, we know now t h a t  this is n o t  completely v a l i d  s ince  the permeabi l i ty  can be 
a f fec ted  by t h e  t reatment  undergone by t h e  porous medium. These problems which or ig-  
i n a t e  from a l t e r a t i o n  phenomena should be invest igated minerologically and chemically 
i n  order  t o  understand the  phys ica l  equilibrium b'etween t h e  o i l  f i e l d  sha le ,  t h e  for- 
mation water, and t h e  o i l .  I f  the  chemical reac t ions  which can occur between the  
l i q u i d  used i n  the t reatment  and t h e  o i l  f i e l d  formation are not known or considered, 
and i f  the mineralogical  da ta  on t h e  deposi t  a r e  lacking,  a se r ious  waste of tlme and 
money can r e s u l t .  

An o i l  reservoi r  i s  genera l ly  found i n  sedimentary rocks such as conglomerates 
of sand, sandstone, c lays ,  limestone, and dolomites. We w i l l  d i scuss  t h e  propert ies  
of o i l  reservoirs  of t h e  s i l i c a t e  type, and, among them, t h e  c lay  types and those con- 
s i s t i n g  of sand mixed with swel lable  c lays  known as "sens i t ive  formations" which a r e  
found i n  the  surrounding area  of  an  o i l  f i e l d .  

I. O i l  recovery and chemical-mineralogical parameters, the  control  of 
which w i l l  allow an increase i n  o i l  recovery. 

The a l t e r a t i o n  of  s i l i c a t e  rocks by the  water of  invasion can be avoided or 
minimized by taking prevent ive measures aimed a t  cont ro l l ing  the cause. 

Extent of world o i l  recovery and estimated losses:  1 

O I L  RECOVERED 

O I L  REMAINING 

An appreciable  port ion of the  o i l  i s  not  recovered due t o  
t h e  lack  of chemical-mineralogical knowledge of t h e  formation 
and t o  t h e  damage caused by the  use of opera t iona l  prac t ices  
incompatible with the  impermeable s t r a t i  of c lay  such as :  
use of inadequate f l u i d s  t h a t  undergo adverse react ions 
with t h e  formation causing t h e  dispers ion of c l a y s ,  precipi-  
t a t i o n  o f  s a l t s  r e s u l t i n g  from chemical reac t ions ,  the 
d isso lu t ion  or hydration of the  cementing mater ia ls  of the 
gra ins ,  e tc .  
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11. Effect  of hydration of t h e  c lay  l a t t i c e .  

(a) 

The water molecule i s  a d ipole  with a pos i t ive  and negative center  of charge (see 
Figure 1). 
the  hydrogen atom i n  water i s  0 . 9 6 i  and the  HOH angle is 104.5". In  the c r y s t a l l i n e  
l a t t i c e  of s i l i c a t e s  t h e  molecule of water behaves a s  i f  it had two negative charges 
in t h e  corners of a te t rahedron which bond with meta l l ic  ions;  on t h e  other  s i d e  they 
bond to  oxygen atoms* (see Figures  l b  and 2 ) .  

The d is tance  between t h e  center  of gravi ty  of the oxygen atom and t h a t  of 

Figure 1. E l e c t r o s t a t i c  Bond Strength between the  

(3 -0 '\ r-- 

Nd 

clay and t h e  water table. 

a )  Water dipole .  

b )  Phenomenon of p o s i t i v e  ion binding between the  layers .  
of t h e  clay.  

Dis t r ibu t ion  of e l e c t r i c a l  charges. 

Swelling 
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111. Clay d i f f e r e n t a t i o n .  

Most of t h e  s i l i c a t e s  of t h e  so-cal led "layer" type a r e  character ized by s t ructu-  
r a l  similarities. The c r y s t a l s  belong t o  t h e  same symmetry group and show t h e  same 
type of geometric d i s t r i b u t i o n  of t h e  s t r u c t u r a l  elements such a s ,  f r example, the 
un i t  c e l l ,  which has  t h e  same symnetry and the  same r e l a t i o n  of  axes . From t h e  crys- 
ta l lographic  poin t  of view, the  s i l i c a t e s  of t h e  layer  type have the same number of 
i o n s  and t h e  same r e l a t i o n  for  t h e  r a d i i  of c a t i o n s  and anions. 

9 

The d i f fe rence  i n  t h e  s e n s i t i v i t y  towards a l t e r a t i o n  or hydration i s  caused by 
t h e  pressure due t o  ions of  isomorphic interchange placed i n  t h e  e x t e r i o r  of t h e  crys- 
t a l  l a t t i c e .  These ions act a s  a cement, binding the s t r u c t u r a l  u n i t s  by e l e c t r o s t a t i c  
forces, and a r e  d i r e c t l y  respons ib le  f o r  t h e  s t r u c t u r a l  compactness and hardness of 
t h e  rock. 

Clays of sedimentary o r i g i n ,  previously s i t u a t e d  i n  marine waters ,  a r e  formed of 
var ious types mixed i n  d i f f e r e n t  proport ions.  The most s e n s i t i v e  components of the 
c l a y s  a re  montmorillonite, i l l i t e  and t h e i r  mixtures. They c o n s t i t u t e  up t o  80% of 
the t o t a l  weight of the c l a y  rock and o f t e n  cause ser ious  problems during the  operat ion 
of t h e  o i l  f i e l d .  Due t o  t h e  presence of monovalent ions ,  these minerals e a s i l y  absorb 
w a t e r ,  the-base of the  conventional operat ing f l u i d s ,  and a s  a r e s u l t  they hydrate and 
disperse .  The f i r s t  s t e p  i n  t h e  c o l l o i d a l  dispers ion of  c lays  c o n s i s t s  of a reduction 
i n  t h e  bond s t rength  between hydrated s t r u c t u r a l  l ayers ,  and i n  t h e  second s t e p  they 
are separated and t h e  rock i s  dispersed.  This d i spers ion  is n o t  t h e  same for  every 
type oE clay.  

Generally, t h e  expandable c l a y s  a r e  present  i n  r e l a t i v e l y  small amounts and the 
problems of s t r u c t u r a l  expansion, t h e  so-called "swelling", a r e  not so alarming 
as people tend t o  bel ieve.  

Col loidal  d i spers ion  and t h e  migration of p a r t i c l e s ,  however, can be much more 
damaging because ser ious  problems can be caused by very small q u a n t i t i e s  of c lay .  
These p a r t i c l e s  of c lay d ispersed  i n  the  f l u x  channels a r e  eventual ly  deposited i n  a 
porous cons t r ic t ion ,  producing a col lapse.  

Lately, research has  focussed on mixed operat ional  f l u i d s  cons is t ing  of polymer 
and br ine,  which r e a c t  o n l y  s l i g h t l y  with t h e  rock. This  f l u i d  should be se lec ted  f o r  
the p a r t i c u l a r  condi t ions of t h e  o i l  f i e l d  such a s :  

1) 
2) chemical content  of  t h e  formation water; 
3)  pH of  t h e  water ,of  formation; 
4)  
5 )  t h e  unpredictable  r e a c t i o n s  " in  s i t u " ;  
6) t h e  e ros ive  a c t i o n  of t h e  f l u i d s ;  
7)  t h e  residehce t i m e  i n  t h e  "sensi t ive"  region. 

Recently it has been found3 t h a t  pressure and high temperature acce lera te  the  

chemical composition of t h e  formation; 

temperature and pressure  o f  the o i l  f i e l d ;  

e f f e c t s  Of t h e  c o l l o i d a l  d i spers ion  of c l a y s  (see Figure 3 ) .  Unfortunately it is  ra re  
for geochemical l a b o r a t o r i e s  t o  consider these parameters and t o  simulate the condi t ions 
of  t h e  o i l  f i e l d .  

Table 2 shows t h e  d i f f e r e n t i a t i o n  of c lays  by the presence of  the isomorphic inter-  
change ion, and Table 3 shows t h e  physical  c h a r a c t e r i s t i c s  of c l a y  formations when 
t h e r e  is an invasion of f r e s h  water .  
ication which a r e  encountered i n  p r a c t i c e  have c o t  been considered4,'. 

u n t i l  recent ly  t h i s  d i f f e r e n t i a t i o n  and c iass i f -  
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Table I11 

class Charac te r i s t i c s  Clay Contents 

1 Soft  rock. It is  e a s i l y  d i s -  
persed i n  a - c o l l o i d  s t a t e .  

2 Soft  rock. It i s  r e l a t i v e l y  
e a s i l y  dispersed i n  a co l lo ida l  
s t a t e .  

3 Mediumsoft rock. I t  is mod- 
e r a t e l y  dispersed. Strong 
swelling. 

4 Medium-hard rock. L i t t l e  
co l lo ida l  dispersion. 
Medium swelling. 

5 Hard rock. N o  c o l l o i d a l  
dispers ion,  l i t t l e  swelling. 

High concentration of montmoril- 
l o n i t e .  Low concentration 
i l l i t e .  

Medium concentration montmoril- 
l on i t e .  High concentration of 
i l l i t e .  

High concentrat ions of i l l i t e  and 
c h l o r i t e .  

Medium concentration of i l l i t e  and 
c h l o r i t e .  

High concentration of i l l i t e .  
Medium concentration of ch lo r i t e .  
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IV. Chemical reactions of clays altered by the water of invasion. 

Colloidal dispersion and appearance cjf sand: 

(mSiO2. nsiOj2- H+)- + 2H+ + 20H- + H3Si04- 

IV.1. 

+ sio2 + H ~ O  

Colloidal Silica 
particle in water 

Colloidal Sand grains. 
Orthosilicate. 

A1 (H20)6 3+ + H20 -> A1 (OH)3. H20 + 3H30+ 

Gibbsite particle 
dissolved in water 

Colloidal aluminum hydroxide; 
when condensing, crystallizes 
as A1 (OH) 3. 

IV.2. Recrystallization of colloids by extracted water. 

H3Si04- - H20 -t H Si 0 ’- - H20 -f H6Si40134- . . . -H20 -t 
+ (H(n+2)Si 3n 0 (3n+l) 4- crystallization > (Si203(0H)2)n 

(Si203 

4 2 7  

2 5  

) 
+ (2Al (OH)3)n crystallization , A12/Si 0 (OH)4 t nH20 

IV.3. Effect of the water of injection on the clay. 

Case of injection of water: 
,Colloidal silica / H3Si0 

‘Colloidal A1 (OH) 3.H20 
\Sand Si02 

Clay + H 0- Aluminum hydroxide 

Case of extraction or transformation of water of injection Csedimentation 
of colloid, condensation). 

Clay of - H20 recrystallization > layer 
type. I Colloidal Silica 

Colloidal Aluminum 
hydroxide A1 (OH) 

V. Ionic treatment. 

This type of treatment consists of forcing an ionic interchange between monovalent 
ions and bivalent or trivalent ions in order to assure better coherence and resistance 
of the clay layers. 

We shall discuss the interchange between Na+ and Ca2+ ions making use of the 
isomorphic substitution phenomenon since both belong to the same isomorphic row in the 
periodic table and have similar electronegativities and coordination numbers from 6 to 
a. 

The substitution of Na+ ions by Ca2+ ions is desirable not only because of the 
better electrostatic interaction between the Ca2+ ions and the clay layers but also 
because of its chemical reactivity with respect to the swelling phenomenon and its 
reaction enthalpy in aqueous solutions. 
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The N a +  ions ,  p resent  because of t h e  isomorphic changes a t  t h e  c r y s t a l l i n e  alumi- 

+ Ca2+, t h e  Ca2+  ions a c t  as  a new binding agent 
num-silicate l a t t i c e  l e v e l ,  a r e  easi)y dissolved i n  f resh  water. 
morphic subs t i tu t ion  of t h e  type 2 N a  
between the c lay  layers ,  and its r e a c t i o n s  with water w i l l  be a l t e r e d .  L e t  us  com- 
pare  t h e  d isso lu t ion  of d i f f e r e n t  oxides i n  100 m l  of  f resh  water a t  2OoC (see Table 4) .  

I f  there  is an iso- 

, I  

Table IV 

S o l u b i l i t y  of oxides  i n  100 m l  water a t  2OoC 

Type of Oxide SiO,  Na,O K,O - C a O  MgO A1207  

insol .  65,700 76,700 151 0.89 inso l .  i n  mg. 

The low s o l u b i l i t y  Of CaO (151 mg CaO compared t o  65,700 mg Na202r6) causes an 
increase  i n  t h e  e l e c t r o s t a t i c  coherence between the  c l a y  layers  and ensures t h a t  the 
elements of e l e c t r o s t a t i c  coherence a r e  maintained i n  the  c r y s t a l  l a t t i c e .  

The technology of  the  proposed interchange w i l l  cons is t  of in jec t ion  Of calcium 
hydroxide Ca(OH)2 and, s ince  reac t ions  giving products of lower enthalpy a r e  favoured, 
CaC12 can be prec ip i ta ted  while a t  t h e  same t i n e  the  sodium t h a t  e x i s t s  between the 
c l a y  layers  is dissolved2. 
the  following: 

The reac t ions  which take place during t h i s  i n j e c t i o n  a re  

1) In jec t ion  i n  the  o i l  f i e l d  o f  t h e  so lu t ion  

Ca(OHI2 + 2NH4C1 -> CaC12 + 2NH OH 

Spontaneous d isso lu t ion  of sodium s a l t s  i n  ammonium hydroxide and subs t i tu t ion  
f o r  Ca2+ 

NaCl + NH40H -> NaOH + NH4C1. 

I f  co l lo ids  of t h e  s i l i c a t e  ac id  type a r e  present ,  t h e  reac t ions  can be a funct ion Of 

pH and enthalpy as follows: 

4 

2) 

3 )  Si(OH), + CaC12 + NaOH -> CaNa(Si0 ( O H ) )  + 2 H C 1  + H o 3 2 
Mineral P e c t o l i t e  

4) A 1 ( O H ) 3  + 3HC1 -> A1C13 + 3H20 

5) NH4C1 + H 2 0 ,  > H C 1  + NH40H 
IS neut ra l ized  

I f  reac t ions  1) and 2) take p lace  i n  aqueous so lu t ion ,  NaCl is subs t i tu ted  by the  pre- 
c i p i t a t e d  CaC12 and N a C l  d i f f u s e s  i n t o  the ammonium hydroxide. 

i S  determined by the reac t ion  enthalpy (see Table 5)6. 
CaC12 and NaC1, the preference f o r  forming hydroxides with N H 4 0 H  depends on the value 
Of which is g r e a t e r  f o r  NaOH. 116 

The react ion sequence 

Thus of the tx0 s a l t s  



Table V 

Enthalpies of Ionic Reactions 

J 

Type of Salt  AH^^^^ kcal/mol 
ca2+ c12- 190.60 

Na+ c1- 98.82 

(OH)- 235.60 

Na+ (OH); 101.96 

267.80 H: si0 

H: ,io:- 340.60 

2- 
3 

Conclusion 

In the commercial development of an oil field a chemical-mineralogical study should 
precede the engineering study. 
such as drilling, completion, and reconditioning is the damage to the oil producing 
formation due to the reduction of the permeability of the surroundings. 
can impede the detection of some hydrocarbons in an exploratory well, or diminish the 
productivity of a functioning well. 
affect the viability of secondary recovery operations. 

One of the problems encountered in o i l  field operations 

This damage 

Furthermore, the extent of damage will often 

The permeability and porosity of the oil field rocks are responsible for the 
storage and migration of oil and gas. The explanation of field problems should be 
searched for by chemical and mineralogical studies because it is easier to take preven- 
tive measures than to reestablish a damaged permeability by chemical treatment. 
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THE ROLE OF ASPHALTZNNZS I N  
s : m  O I L  
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University Park, Los Angeles, California 90007 

Asphaltene i s  ubiquitously present i n  Mtumens regardless of whether or 
not the sample is natural ly  occurring or thermally altered. 
t h a t  most naturally occurring bitumens have undergone a thermal maturation pro- 
cess during diagenesis.1 
ra t ion of asphaltene and res in  molecules from any f o s s i l  fuel sources. 
shale frm lacustr ine formation, such a s  that  of the Green River Fonnation 
contains 29 t o  4% of bitumens. 
Oil Shale but the content is only 956 t o  125. 
of asphaltene i n  r a w  oil shale t o  be as low as  two t o  five parts  per thousand. 

Durlq re tor t ing the kerogen undergoes thermal decomposition t o  oil. gas 
The intermediate is a fairly large amount of pgrobttumen 

It might be noted 

Therefore, t h e m 1  process is important i n  the gene- 
Oil 

There is asphaltene i n  bitumen from Green River 
This causes t h e  overall content 

a d  insoluble coke. 
which does contain asphaltene. 
reduction of pyrobitumen may account f o r  t h e  increase of coke fonnation. 
this manner t h e  asphaltene is formed i n  conventional o i l  shale. 

Since asphaltene is prone t o  form coke, t h e  
I n  

Although the content of asphaltene or res in  i n  shale oil may be low, they 
are responsible f o r  t h e  dark color  as w e l l  as the  viscosity. 
shale oil may be unique since it is high i n  nitrogen content and, consequently, 
t h e w  1,411 be a high ash content. 
carcinogenic since they are unique i n  shale oil asphaltene. 
nitrogen polycyclics may a l s o  exhibit the specific properties of emulsification 
of water and complexing of metals. 
stndy is d e r t a k e n .  

Asphaltene i n  

Furthermore, nitrogen polycycllcs may be 
The polar i ty  of the 

It is within this context that the  present 

A total of three shale oil samples w a s  used for this study. The o i l  shales 
used for the  study a r e  a l l  f ran the  Green River Formation. 
obtained frm Paraho Project, Paraho Syncrude (PS). 
the  oil is as follows: $2. 85.81 %H, 11.3: $3, 0.5: %N, 1.41 $0, 0.99; &ash and 
carbon residue, 2. The 01 gravity a t  700F is 27.81 SSU viscosi ty  a t  210°F is 
48.0. The flash point is 2900F. Water content is 2.8%. Seml-quantitative 
spectrographic analysis indicates t h a t  s i l icon.  sodium. i ron,  calcium, nlckel, 
vanadium and almlnum are major constituents. The second sample was a residue 
left from t h e  processing of the  PS through a delayed coke?, henceforth referred 
t o  as residue oFZ (80). 
Welding, a small one-ton ver t ica l  r e t o r t  i n  San Sernardino. 
referred t o  a s  Yd. 
also contains arsenic, copper a d  zinc. 

The first one was 
The chemical composition of 

The t h i r d  sample was the  o i l  obtained from Don's 

The difference between the D1d and the  PS is t h a t  the former 
Th i s  sample is 

Isolation of asphaltene was i n  accordance with the  t radi t ional  procedure 
of precipitation wlth 20-fold volume of n-pentane, ard followed by centrifiga- 
t i O n  and Soxhlet-extraction of t h e  solid with n-pentane. The crude asphaltene 
was dissolved in benzene, hot-filtered and the  benzene f i l t r a t e  was lyophilized 
t o  remove the  benzene, 
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CHARACTEIUZATION 

Various methods a re  employed for the characterization of shale o i l  
asphaltem. 
ultimate analyses, The percentages of carbon, hydrogen, nitrogen, and 
sulfur, as  well as the ash content i n  the  asphaltenes, w e r e  determined through 
elemental analysis i n  which high contents of nitrogen are found i n  samples, 
An empirical formula f o r  each asphaltene sample was determined f r m  vapor 
pressure osmometry (PO) measurement. 
tends t o  associate strongly even i n  the  d i lu t e  solution, the  usual analytical 
procedures f a i l  t o  d i f fe ren t ia te  between the molecular weight and par t ic le  
weight. 
column i n  a d i lu t e  solution under high pressure has been carried out t o  obtain 
asphaltene molecular weight of a single uni t  sheet, 
weight distributions of three samples i n  which DW shale o i l  asphaltenes contain 
a la rger  percentage of high molecular weight fraction, 
analyses of metals present i n  asphaltenes a re  l i s t e d  i n  Table 11. 
metal is an in tegra l  part of asphaltenes. 

Table I l i s t s  the  resu l t s  of isolated asphaltenes and t h e i r  

Since the complex molecule of asphaltene 

A technique of gel permeation chromatography (GFC) with CC Styragel 

Figure 1 shows molecular 

Semiquantitative 
Apparently 

A typical infared spectrum of potassium bromide pe l le t  from F5 asphaltene 
is given i n  Figure 2. 
all samples. 
hydrogen-bonded 0-3 or N-iI which interpretation has been reported i n  coals2,3 
an l  coal asphaltenes.4 Two low-intensity bands a t  3010 and 3050 a-1 represent 
aromatic C-H stretching. Wiberly5 has sham t h a t  the  a r m t i c  C-H band sh i f t s  
to values as high a s  3052 cm-1 ?s ring mber decreases. The strong absorption 
bands fa l l ing  between 2840 and 2950 cm-1 are  due t o  naphthenic and/or aliphatic 
C-H vibration. 
2885 a-1, and the  metwlene band, which is the strongest, a t  2915 an-1. 
Another methylene frequency occurs a t  2840 an-1. 
located as 1600 cm-1 has been assigned partly caused by a conjugated C - C  band 
an i  partly by carboqvl, C-O group, 
are due t o  bending frequency of symmetric C-CH3 and/or methlene, and symmetry 
C-CHj ,  respectively. 
may be assigned t o  aromatic oxygenated compounds, such a s  a r m a t i c  ethers.2 
Differences of absorption in tens i t ies  of these bands among three asphaltene 
samples a re  apparent €ram Fig. 3. 
PS asphaltene i n  comparison t o  i l l d e f i n e d  weak bands i n  the  spectra of DW and 
Ro asphaltenes a re  consistent with the highest value of O/C r a t i o  i n  FS asphal- 
tene (Table I). The long wavelength bands a t  860,800 and 750 a-1 are consi- 
dered aromatic out-of-plane frequencies and are  important with regard t o  the 
nature of the structure of arcmatic clusters,  The four-adjacent C-H bending band 
a t  720 an-1 and t h e  five-adjacent band a t  695 cm-1 a re  very weak in spectra (Fig. 
3). The long-chain a l e 1  band a t  735 cm-1 is only present i n  the  s p e c t m  
of Ro asphaltene. This long-chain methylene structure i n  RO asphaltene is 
fur ther  confirmed by the X-ray diffraction. 

i n  the X-ray scattering pattern (see Table III). 
i n  graphite and carbon blacks is accepted as representing the spacing between 
the layers of condensed aromatic system.5'7 The Y-band centered around (sing)/h 
= 0.10*0 11 A-1 has been assigned t o  be associated v i th  spacing i n  the  saturated 
partion.58 Accodingly, a comparative estimate of the aromaticity, fa,  can be 
made frm the areas of the  resolved peakes corresponding t o  the  Y- and the  (002)- 

A m b e r  of similarly well defined bands are  shown i n  
me broad absorption band centered a t  3220 cm-1 is assigned as  

The two vibrations of the methyl group are located a t  2950 and 

An intense absorption ba~# 

Two very intense balds a t  1455 and 1375 cm-1 

The group of bands located a t  1255, 1090 an3 1030 cm-1 

Three f a i r ly  def in i te  bands i n  the spectrum of 

A m b e r  of parameters can be obtained by resolving the Y-and (002)-bands 
The (002)-spacing which appears 
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balds.5 
m.sxip~m of the  (002)-band and the distance between the saturated portion of 
the molecule, dy, is obtained by using the value f r m  the Y - b a r d .  X-ray 
diffraction a l so  permits a determination of the average height of the  stack 
of a m a t i c  sheets, Lc, and the  average diameter of the  aromatic sheets, Ia 
based on the Schemer c rys t a l l i t e  size fonnula9 or on the Diamond's curve.10 
The X-ray d i f f rac t ion  pattern of the  RO asphaltene is strikingly d i f fe ren t  
from the others: it shows the  
a d  3.70A a s  shown i n  Fig. 4. 
has reported these t w o  peaks a s  wax-like long-chain alkyl cmpounds. 
r i son  with the doublet bands,the results of X-ray d i f f rac t ion  of t he  three 
samples are very similar. 
value of La, the layer diameter, among them. 

The distance between a rma t i c  sheets, dm. is obtained from the 

sharp doublet of (100)- and (200)-bands a t 4 . 1 5  
Y e d l  i n  his study of native asphaltic molecule, 

In  compa- 

It is t o  be noted t h a t  PS asphaltene has a smaller 

The hydroeen-distribution data obtained by 31R has been applied t o  the 
analysis of carbon structure,  with particular emphasis on estimating several 
important s t ruc tura l  parameters as  l i s t ed  i n  Table IV. 
of FS asphaltene is provided i n  Fig. 5 i n  which subgroups a re  assigned f o r  
aromatic a d  saturated hydrogen resonances.12 
nent peaks, it is possible t o  estimate values f o r  the degree of substi tution of  
the aranatic sheets. 
on t w o  parameters: one being the r a t i o  of hydrogen t o  carbon for t he  a-paraffinic 
groupings, an3 the  other re fers  t o  the r a t i o  f o r  a l l  nonaromatic groupings 
other than a-position. In this investigation, these two r a t io s  were given the 
value 2 f o r  all asphaltenes. Data from PPIR a lso  pennit the  detnnining of the 
shape of the  codensed aromatic sheets by estimating the  value of the  r a t io  of 
aromatic hydrogen t o  carbon of the hypothetical unsubstituted aromatic sheet. 
The results f o r  asphaltenes a r e  tabulated i n  Table IV. 
parameters including t o t a l  m b e r s  of aranatic ring carbon, substituted aromatic 
ring carbon, and aromatic ring per molecule, as w e l l  a s  the  average mber of 
carbon a t m s  per saturated substituent are shown i n  t h e  Same table. The HI/CA 
value fo r  RO asphaltene is loner than those of the  FS and DW asphaltenes. The 
number of rings i n  the condensed aromatic ring system per molecule varies from 
one, as i n  the  case of DW asphaltene, t o  3-4 i n  the  case of the  RO asphaltene. 

A typical WR spectrum 

From the  area under the compo- 

The aromaticities obtained from NMR data depend largely 

The other s t ruc tura l  

DISCUSSfON 

In f o s s i l  fuel conversion, it is generally recognized t h a t  asphaltene 
is the t rans i t ion  stage from f o s s i l  fue l  source t o  oil products. 
the asphalbne generation and elimination is one of the  main and important 
control factors of the conversion process. 
structural  of the  shale o i l  asphaltene is presented in t h i s  paper. 

d u e , l 3  the  a r m a t i c i t y  of asphaltene ranges from 0.4 t o  0.5. 
perature retorting of oil shale tends t o  yleld more aromatic hydrocarbons than 
those which are present i n  the  original raw o i l  shale, the l a t t e r  has urder 
gone maturation. The thermally induced aromatizatio for the difference in- 
ProPertfeS of asphaltene series is well rec0gnized.l' For example, asphaltene 
fraction can be converted i n t o  carbene fraction and resin f rac t ion  can a l so  be 
converted i n t o  asphaltene fraction.l5 All these conversions can be accmplished bs t h e m 1  processes. 

Therefow, 

Present knowledge of the skeletal  

In contrast  with the carbon skeletons of kerogen which has verg lov fa 
The high tem- 
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The Proton NllR spectra of the shale oil asphaltene a re  similar t o  those 
of the Petroleum asphaltene and o f t h e  coal-derived asphaltenes a s  well. The 
degree of substitution, uor CSU/HI of the  shale o i l  asphaltene is larger than 
0.5. It falls closer t o  petroleum asphaltene than coal asphaltene, since the 
majority of the l a t t e r  is less than 0.5. I n  contrast ,  the  c lus t e r  compaction 
Parameter, &/CA or HOC, of shale o i l  asphaltene is higher and closer t o  coal 
asphaltene than t o  petroleum asphaltene. The value of FII/CA f o r  petroleum as- 
phaltene ranges from 0.3 t o  0.5 and those f o r  c o d  asphaltenes 0.6 t o  0.8. 
It IS recognized that coal asphaltene contains more or less smaller kata- 
condensed cluster.18 
h ~ . ~ ~ * ~ ~  
such high values is possibly the higher contents of nitrogen a t m s  i n  the 
System which may effect  the computation; other reasons being the  assumption of 
X, Y coefficents of 2. 
or Cs/Csu fo r  the shale asphaltene is medium-sized, i .e .  between 2 t o  3 carbons. 
For cmparlson, the coal asphaltene is about 1 t o  2 carbon atams (methyl or 
ethyl); and the petroleum asphaltene is 4 t o  6 carbon a tms .  
NHR data alone, one can s t a t e  that the shale oil asphaltene contains heavily 
substituted linked or kata-condensed system.16 
substituents average between 2 t o  3 carbons. 

studied (RO) , them is actually e i ther  the long-chain paraffin or substituent 
present as  indicated by the sharp bands a t  3.70 and 4.15 A by X-ray diffraction. 
This is further supported by the observation of  polymethylene peak i n  the in- 
frared spectra of RO asphaltene. In  predous w k, such crys ta l l ine  sharp peaks 
have been found i n  a few petroleum asphaltenes,E especially when asphaltene 
has un3ergone thermal processing by visbroken process, 
coker processing of shale o i l  may a lso  f o n  considerable amount of paraffins 
which a re  copmcipitated down with other asphaltene molecules. 

The petroleum asphaltene has la rge  , peri-cordensed sys- 
The value of 1.0 or 0.95 is  not possible; one of the  reasons of 

Another parameter, the substituents chain length, Nsc 

I n  general, fo r  

The system is small and the 

What is more s t r ik ing  i s  the fact  t ha t  i n  one of t b s h a l e  oil asphaltenes. 

A t  present the delayed 

The layer diameter fo r  the shale oil asphaltene is 7-12 A by Diamond's 
cume fi t t ing of the X-ray diffraction data. 
data i n  which the aromatic number varies from 1 t o  3. The inconsisting data 
between number of aromatic carbons per molecule and ring number per molecule 
probablyaredue t o  the high content of nitrogen atoms i n  the system. 

This  value is compatible t o  NMR 

The hlgh nitrogen content of shale oil asphaltene could a f f ec t  the mineral 
content or ash content i n  asphaltenes. 
the surface and colloidal nature of shale oil t o  fonn emulsions with water, 
N m l l y ,  the hydrogen bonding is found both i n  shale o i l  asphaltene and i n  coal 
asphaltene. 
Ilydrogen bonding i n  shale o i l  asphaltene a l so  ori@Mtes from i t s  high content 
of nitrogen, 

T h i s  property a l so  will contribute t o  

Purified petroleum asphaltene does not possess hydrogen bonding. 
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Carbon 75.58 81.25 79.73 
BFlraE." 7.51 8.2b 8.17 
Ilitroq.n 3.41 4.n 3.49 
Sa-+ o.n  o.et ?.is 
c=sF..+ 6.73 3.04 0.Yi 
Ash 5.99 2.35 2.82 

A t d c  ?.atto 

s k  
TIC 
s IC 
O k  

1.19 1.22 1.23 
0.49 0.M 0 . 0 Y  
0.m 0.004 0.035 
0 . 6 7  o.ms a.wA 

Ydl0cd.r x.:.4 

769 630 60s 

p.oirleal F o r d s  

cjo.1 a59.4 Q.0 03.4 50.2 

w3.7 a52.7 4.0 q . 2  so.2 

$1.3 550.5 4 . 6  9.3 s0.2 

TABLE III Aromaticity ard Crystallite 
Pirumtars for Shale oil by 
I-Ray MIrrsctlon 

hphnltene E E E 
ra 0.39 0.43 0.42 

w 3.57 3.57 3.57 

df 4.17 4.41 4.41 

L+ 15 15 16 

U 5 5 5  
4 i . b  19 13  20 

k.,C 12 7 12 

TMLE II Sdquant i tat ive  Analysis of K 0 M 5  
irPa S h l e  M1 Asphnltnos ( p p )  

Asphaltens E ps p.c 
SI 12.ooO 25.000 10.300 

P O  130 1.500 uo 

IS 15 230 21 

c. 620 8 

Na fUl 50 TR 50 XI 50 

A 1  8 91 9l 

Aa 47 59 74 

Ni 62 52 68 

V 8 5 4 

CII P 9 3 6  

100 m 10 1bO Zn 

CO 4.1 15 6.8 

Ioss on Ier2tian (41 

m.2 94.1 57.7 

WI.5 Iy Values for Structwal Parmeten of 
Sb.10 *rphnltaMS f m  !2!% 24b 

ASDhdt0n0 2 
fa. 0.49 0.50 0.47 

ob 0 . 8  0.62 0.56 

AoCe 1.m 0.95h 0.86 

C u d  20.L 20.4 20.7 

C S R ~  l l . 8  ll.9 8.6 

W u f  1.03 1.52 3.& 

FscS 2.10 2.23 3.13 

~~ ~ 

aArocatlcity; b e q r e e  of Substitution as Csu/!?r 
C A t l c  wmqeo t o  carbon ratio of the hypo- 
thetical unsubstitutd ircrmtlc portion. HI/CA 
dTotal mnbr aE arcmatic rinq carbon per uols- 
culei .Total rrmber of substituted nraut ic  
ring carbon per nolaculsi f ~ o t a l  nunber of are- 
nutlo ring por moleQul01 UAvsnpa mber of 
carbon a t m s  per raturatpd substituent, CS/CSIJ 
hsd  on coerflcienta X. T of 2. 
2. this vrluu k i l l  be conaidenbly less .  

If nom em 
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Fig.  1. Molecular Weight Distribution Patterns of 
three Shale Oil Asphaltenes Determined from 
WLC. (the lower numbers of elution volume 
represents higher molecular weight). 

WAvEmmBfR I d 1  

Fyg.2. Infrared Spectrum of a Paraho Syncrude Asphaltene. 
(KBr Solid Phase). 
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f ig .  5. Proton NMR Spectrum of a Paraho Syncrude Asphaltene. 
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PROPERTIES OF ASPHALTENFS 
FROM VARIOUS ALBERTA CRUDE OILS 

T. I w s i a k ,  A.V. Kemp-Jones and O.P. Strausz 

Hydrocarbon Research Center 
Department of Chemistry 
University of A l b e r t a  

Edmonton, A l b e r t a  
Canada 

IhppRDDUCTION 

Asphaltene i s  defined as t h e  high m l e c u l a r  weight pentane-insoluble f rac t ion  
of petroleum. I n  general, of a l l  the petroleum f r a c t i o n s ,  asphaltene contains the 
g r e a t e s t  percentage of su l fur ,  oxygen and nitrogen. The s t r u c t u r e  and -sition of 
asphaltene may vary considerably with the or ig in  and mode of formation of the source 
reservoir .  

Very few comparisons of asphaltene proper t ies  a r e  ava i lab le  i n  the  l i t e r a t u r e  
(1-4). Recently, a de ta i led  inves t iga t ion  of the  proper t ies  of A t h a b a s c a  asphaltene 

was carried o u t  (5).  Chemical and spectroscopic evidence led t o  the proposal of an 
average s t ruc ture  i n  which r e l a t i v e l y  small hydrocarbon units are linked together  by 
sulfur bridges. Since, i n  addi t ion to  the  Athabasca deposi t ,  there a r e  o ther  import- 
a n t  o i l  sands and heavy o i l s  i n  Alberta which a l s o  have high asphaltene contents, it 
was therefore  of i n t e r e s t  t o  study these  asphaltenes and to compare t h e i r  p roper t ies  
vith those of Athabasca asphaltene. 

and Lloydminster crude o i l .  
asphaltenes from Pembina l i g h t  crude o i l  and a tar produced by steam cracking of gas o i l .  

The asphal tene souzces invest igated were t h e  Cold Lake and Peace River o i l  sands, 
These asphal tenes  have been fur ther  compared with the 

EXPERIMENTAL 

The samples used were: (1) Cold Lake crude o i l  obtained by cold ba i l ing  from 
w e l l  Leming 6 7  p r i o r  t o  steam st imulat ion;  (2)  a Peace River core  obtained from Well 
OBS-5, locat ion 4-21-85-18 W5 (Cadotte), depth 1868-1872 f t . ;  (3) Lloydminster base 
crude oil ,  sample 5431; (4) Pembina vacuum reduced p i t c h  received January 9, 1976 from 
Imperial O i l  Enterpr ises  ~ t d . ,  Strathcona; (5) a tar produced by s t e a m  cracking gas 
oil, sample PS-76-020. 

tene. 
asphaltene i n  benzene was centr i fuged a t  4000 rpm f o r  several  hours, and decanted, and 
t h e  asphaltene was then reprec ip i ta ted  with pentane. 

The experimental conditions for  the reductive oc ty la t ion  and s i l y l a t i o n  a re  giv- 
en i n  d e t a i l  i n  a previous paper ( 5 ) .  

The molecular weights were determined by vapor pressure osmometric method a t  a 
nominal asphaltene concentration of 20 mg/ml i n  benzene. Infrared spectra  were det- 
ermined a t  0.004 M concentration i n  carbon te t rachlor ide  so lu t ion  i n  a 5 mm c e l l .  

numerically using a subroutine provided by Bruker Sc ien t i f ic .  

The asphal tenes  were prepared as described previously (5) f o r  Athabasca asphal- 
When t h e  sample was found t o  contain la rge  amounts of c lay,  a 5% solu t ion  of the 

The 13C NXR spectra ,  recorded as described previously (5). can be integrated 

RESULTS AND DISCUSSION 

Elemental analyses and average molecular weights f o r  the  asphaltene samples used 
i n  this study a r e  shown i n  Table I. The analyses of the Cold Lake, Peace River and 
Lloydminster asphal tenes  show l i t t l e  to  d is t inguish  them from Athabasca asphaltene, 
the  main d i f fe rence  being a t rend  toward higher molecular weights and a higher s u l f u r  
content  i n  the  Peace River sample. The asphaltene from t h e  l i g h t  Pembina o i l  i s  d i f -  
fe ren t  however. I t  represents  only a minute percentage of the  o i l ,  as expected from 
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the V i S C O S i t Y t  and is very low i n  su l fu r  content. The average molecular weight is low- 
er than that Of Athabasca asphaltene,  and de f in i t e ly  lower than the  average molecular 
weight of the  high su l fu r  asphaltenes. I t  is c l ea r  tha t  any conclusion about t he  struc- 
t u re  of Athabasca asphaltene should not be extended to  the  t r a c e  amount of asphaltene 
in l i g h t  o i l s .  

The Pembina asphaltene has proper t ies ,  e.g. m.w. and heteroatom content, in te r -  
mediate between those of t he  heavy o i l  asphaltenes and steam cracking tar asphaltene. 
This very viscou re f inery  t a r  contains a la rge  a u n t  of asphaltene,  which is even 
lower i n  heteroatoms than the  asphaltenes from the  l i g h t  o i l s ,  and has a low molecular 
weight and :-w H/C r a t io .  

The rout ine  ( 2 %  so lu t ion  i n  a 0.5 mm ce l l )  I R  spec t ra  of t h e  asphaltenes studied 
appeared t o  be qu i t e  s imi la r .  Some d i f fe rences ,  however, i n  t he  hydrogen s t re tch ing  
region a t  3600-3000 cm-l become apparent from 0.004 M so lu t ions  of asphaltenes measured 
i n  a 5 mm c e l l  (Figure I). The IR spectrum of Cold Lake asphaltene w a s  not su i t ab le  
for in t e rp re t a t ion  because of extremely high background in te r fe rence .  
c ip i t a t ed  from Peace River bitumen.shows a broad hydrogen bonding absorption with a 
maximum centered about 3250 cm-l; i t s  shape and in t ens i ty  approximates that of Athabas- 
ca aSPhaltene (6). The free phenolic and/or a lcohol ic  absorptions a t  3600 cm-' and the  
f r e e  NH absorption a t  3480 c m - l  a r e  observable i n  the  spectrum of Lloydminster asphal- 
t a e ,  and the  hydrogen bonded absorption i s  c l e a r l y  reduced as compared t o  Athabasca 
and Peace River asphaltenes. I n  Pembina asphaltene t h e  r e l a t i v e  in t ens i ty  of the  f r e e  
OH absorption i s  very weak and no hydrogen bonding is v i s ib l e .  

seems to be a cha rac t e r i s t i c  f ea tu re  of asphaltene or ig ina t ing  from Alberta o i l  sands. 
The d i f fe rence  i n  the r o l e  which hydrogen bonding plays i n  the  molecular aggregation 
of Athabasca, Cold Lake, Peace River asphaltenes and those from Lloydminster and Pem- 
bina crudes i s  c l ea r ly  demonstrated by t h e  s i l y l a t i o n  reaction. On s i ly l a t ion ,  hydroxyl 
groups a r e  genera l ly  e a s i l y  converted to  t r ime thy l s i ly l  der iva t ives .  
panied by t h e  disappearance of I R  absorption i n  the  hydrogen s t r e t ch ing  region 
and t he  appearance of t h e  absorption of t r ime thy l s i ly l  ethers.  The I R  spectra of 
s i l y l a t e d  Athabasca, Peace River and Lloydminster asphaltenes a l l  show a remarkable re- 
duction i n  the  hydrogen bonding absorption and the  f r e e  OH absorption disappears i n  the  
latter. A s  seen from da ta  given i n  Table 11, the  m l e c u l a r  weights of s i l y l a t ed  Atha- 
basca, Cold Lake and Peace River asphaltenes have been d r a s t i c a l l y  reduced, roughly by 
ha l f ,  pointing t o  the intermolecular charac te r  of t he  hydrogen bonding. 
in t h e  molecular weight of Lloydmi'nster asphaltene is l e s s  s ign i f i can t  and none OCcurS 
f o r  Pembina asphaltene, as expected from t h e i r  I R  spectra.  

tenes studied (Tables I and 11). and t h e  number of s i l y l  groups attached t o  asphaltenes, 
ca lcu la ted  from e i the r  in tegra t ion  of the  PMR spectrum or changes i n  the  H/C r a t i o s  
and ash contents,  ind ica tes  t h a t  from 60 t o  64% of the  oxygen i n  Athabasca, Cold Lake 
and Peace River asphaltenes, 71% i n  Lloydminster and 23% i n  Pembina asphaltenes is 
access ib le  f o r  s i l y l a t ion .  Some of t h i s  "s i ly la ted"  oxygen may o r ig ina t e  from oxygen 
functional groups o ther  than hydroxyl ( 7 ) .  The disappearance on s i l y l a t i o n  of the  
small bu t  d i s t i n c t  carbonyl absorption a t  1725 cm- l ,  which is present  i n  a l l  except 
Athabasca asphaltenes may suggest the  existence of readi ly  enolized ketones, fo r  ewm- 
p le  . 
concluded from the  I R  absorption a t  3480 c m - l  previously (8) assigned t o  f r ee  NH groups. 
The changes i n  t h i s  region before and a f t e r  s i l y l a t i o n  ind ica t e  t h a t  the NH groups 
play an important r o l e  i n  hydrogen bonding i n  Athabasca, Cold Lake and Peace River as- 
phaltenes,  and almost none i n  Lloydminster and Pembina asphaltene; i n  general they a r e  
not ea s i ly  s i l y l a t ed .  

The l H  and 13C NMR spec t ra  of  t he  heavy o i l  asphaltenes are qua l i t a t ive ly  SiiTIi- 
lar t o  those of the Athabasca asphaltene (5). The quan t i t a t ive  proportions of aroma- 
t i c  hydrogen and carbon a r e  shown i n  Table 111. The NMR spec t ra  of the  re f inery  t a r  
show t h a t  it contains 47% aromatic hydrogen and 87% aromatic carbon which emphasizes 
i ts  difference from Athabasca asphaltene. 
appl ica t ion  of the  s t ruc tu ra l  ana lys i s  method we reported previously (5) .  
r a t i o  of 0.71 means t h a t  there are 65 double bond equivalents (DBE)/100 C. Using the  
value of 0.72 fo r  DBE/aromatic carbon which w a s  assumed for Athabasca asphaltene (51, 

Asphaltene pre- 

Thus, the almost complete assoc ia t ion  of t he  OH and l i k e l y  NH functional groups 

This is accom- 

The decrease 

There is  not much va r i a t ion  i n  t h e  oxygen contents (average of 2 % )  of the  asphal- 

That most of the  nitrogen i n  asphaltenes is  present i n  t h e  form of NH qOUps i S  

These values make it of i n t e r e s t  for the  
The H/C 
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and t he  87% aromatic carbon from 13C NMR, gives 87 x 0.72 '= 62.6 DBE/100 C due t o  aromatic 
carbon atoms. T h i s  is su f f i c i en t ly  close t o  the  65 t o t a l  DBE/100 C that the  DBE due to  
a l i c y c l i c  carbon atoms can be assumed to be zero. To some exten t  this is expected from 
the  method of preparation of the  steam cracking asphaltene,  and lends support t o  the value 
of 0.72 for  DBE/aromatic carbon which w e  assumed f o r  Athabasca asphaltene. A s t ruc ture  
cons is ten t  with the  H/C r a t i o  and t h e  'H and 13C NMR spec t ra  is as shown i n  Figure 2. 
It has H/C r a t i o  0.72 (0.71 observed),  88% aromatic carbon (87% observed) and 
50% aromatic hydrogen (47% observed). To obta in  a proportion of aromatic hydrogen a s  
low as 47% w i t h  87% aromatic carbon requires t h a t  v i r t u a l l y  a l l  t he  a l ipha t i c  groups 
are methyl groups, to  maximize t h e  subs t i t u t ion  on the  aromatic rings.  

To fu r the r  compare the  var ious  heavy o i l  asphaltenes,  they w e r e  reduced and oc- 
ty la ted  following t h e  procedure ( 5 )  used f o r  Athabasca asphaltene. Reaction of the  
Athabasca asphaltene with potassium i n  tetrahydrofuran i n  the  presence of naphthalene 
gave an impressive decrease i n  the  m.w. of t he  asphaltene which, on the  basis Of some 
other auxi l ia ry  s tud ie s  involving determination of oxygen d i s t r ibu t ion  a d  d e l  reduc- 
t i o n  of su l fur  compounds, could be a t t r i b u t e d  t o  the  cleavage of non-ring su l fu r .  From 
the r e s u l t s  shown i n  T a b l e  N some di f fe rences  become apparent. I n  a l l  cases the  m.w. 
of t h e  product, corrected f o r  o c t y l  grovps added and by-products, is higher than t h a t  
found for Athabasca asphaltene,  although the re  i s  st i l l  a substantial decrease i n  m.w. 
on reduction. The m.w., number of oc ty l  groups added, desu l fur iza t ion ,  and weight in- 
crease a l l  follow t h e  same pa t t e rn ,  with the  order of r eac t iv i ty  being Cold Lake > 
Peace River > Lloydminster. Since t h e  su l fu r  content of these  asphaltenes is similar 
t o  that of Athabasca asphaltene (Table I) ,  it follows that  a grea te r  proportion of the  
sulfur atoms a r e  i n  rings.  The percentage of su l fu r  i n  bridges was estimated from the  
r a t i o  of the.number of bonds cleaved on reduction t o  t h e  number of su l fu r  atoms pre- 
s en t  i n  a molecule. 

The number of bonds cleaved (N) w a s  derived from the experimental molecular 
weights using an equation: N = MW starting/MW reduced - 1, i n  which the  molecular 
weight of the  s i l y l a t e d  asphaltenes was taken as MW s t a r t i ng .  

CONCLUSIONS 

In  the present study it has become c l ea r ly  es tab l i shed  t h a t  asphaltenes from 
A l b e r t a  heavy o i l  depos i t s  have much i n  cormon, including concentration i n  t h e  bitu- 
men, elemental composition, high molecular weight, high su l fu r  content and an oxygen 
d i s t r ibu t ion  such that most of t he  oxygen is i n  hydroxyl groups. Asphaltenes from the 
typical o i l  sands exhib i t  very strong hydrogen bonding proper t ies ,  pa r t ly  in t e rmle -  
a l a r  i n  character,  whereas i n  the  Lloydminster asphaltene,  t he  hydroxyl association 
is much l e s s  pronounced. 

tenes possess a sulfur-polymer framework. The anwunt of su l fu r  i n  bridges, however, 
varies, decreasing i n  the  order Athabasca > Cold Lake > Peace River > Lloydminster, 
which may r e f l e c t  some diagenic d i f fe rences  among the  asphaltene sources. 

The r e s u l t s  from reductive oc ty l a t ion  indicate that  a l l  these  sulfur-rich asphal- 
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TABLE 1 

Elemental Analyses and Molecular 
Weights of Various Asphaltenes 

Asphaltene % of 
source Source 

Athabasca 16 
Cold Lake 15 
Peace River 17 
Lloydminster 9 
Pembina P i tch  3 
Steam Cracking T a r  20 

%, W t . ,  d.a.f. 
C ' H N S O  

80.3 8.0 1.2 8.2 2.5 
80.2 7.8 1.1 8.3 2.5 
79.4 8.0 0.8 9.1 2.6 
81.2 8.0 1.0 8.4 1.5 
86.8 9.2 0.9 1.0 2.0 
91.8 5.4 0.0 0.6 0.4 

Ash H/C 

1.5 1.20 
4.2 1.17 
4.0 1.22 
1.2 1.18 
0.1 1.27 
1.2 0.71 

Mw - 
5920 
8140 
9510 
9300 
3100 
1380 

TABLE 2 

The Effec t  of S i ly l a t ion  on Various Asphaltenes 

Number of atoms or 
Asphaltene nu groups/lOO C atoms % of Oxygen 

source After S i ly l a t ion  Oxygen Trimethyl- S i ly la ted  
s i l y l  

Athabasca 3680 2.3 1.5 64 
Cold Lake 4600 2.4 1.51 63 
Peace River 4430 2.5 1.6 64 
Lloydminster 7150 1.4 1.0 71 
Pembina 3070 1.7 0.42 23 

NMR spectrum is broadened and unresolved, the  number of s i l y l  
groups was determined from changes i n  t h e  H/C r a t i o  and ash content. 
The NMR of s i l y l a t ed  Pembina asphaltene does not show any absorp- 
t i o n  near bo., though there was some change i n  H/C r a t i o  and ash  
content. 
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TABLE I11 

Content of Aromatic Hydrogen and Aromatic Carbon in Various Asphaltenes 

Asphal tene % ArH % Arc 

Athabasca 8 42 
a Cold Lake - 30 

Peace River 9 35 

Lloydminster &de 5 42 

Steam Cracking Tar 47 87 

a Spectrum broadened and unresolved, 
probably due to an unusually high 
content of paramagnetic molecules. 
T h i s  effect was also visible in the 
1 3 ~  spectrum. 

TABLE IV 

1 Reductive Octylation of Alberta Asphaltenes 

% of Sulfur 8 of Sulfur 
Removed Cleaved in Bridges 

Mw No. of Octyl Weight 
Asphaltene Octyl Free Groups Increase 

Added/100C % 

Athabasca 58 0 9.4 120 37 5.3 65 
Cold Lake 1280 7.9 65 52 2.6 22 
Peace River 1590 7.1 53 45 1.8 14 
Lloydminster 2010 6.3 48 32 2.6 13 

Data are the means of two experiments. 
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FIGURE 1 

Infrared spectra of some Alberta asphaltenes - t h e  hydrogen and 
carbonyl strechlng reglons. 
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INVESTIGATION OF POSSIBLE ROUTES 
TO ASPHALTENE I N  NATURE 
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Edmonton, Alberta, Canada, T6G 2G2 

INTRODUCTION 

The l i t e r a t u r e  contains  r e l a t i v e l y  l i t t l e  evidence t o  ind ica te  how 
asphaltene i s  formed i n  nature. 
t ene  s t ruc ture  consis t ing of polynuclear aromatic shee ts  (1,2,3) have not been 
accompanied by suggestions a s  t o  what chemical reac t ions  might produce such struc- 
tures. 
of  how t o  reverse the process. 

on the  basis of a de ta i led  chemical and spectroscopic study ( 4 ) .  A possible  
route  t o  such a s t ruc ture  i s  the aromatization and condensation of smaller mole- 
cu les  of biological  o r i g i n  with s u l f u r  and/or hydrogen su l f ide .  Hydrogen su l f ide  
is produced i n  nature by sulfate-reducing bac ter ia ,  which of ten  use petroleum as 
t h e  energy source (5). Heating terpenes with s u l f u r  o r  selenium a t  high tempera- 
t u r e s  to  convert them t o  more r e a d i l y  i d e n t i f i a b l e  aromatic hydrocarbons is a 
well-established method i n  s t r u c t u r e  e lucidat ion.  Heating cholesterol  with sel-  
enium produces t h e  Diels  hydrocarbon, methylcyclopentanophenanthrene, which was 
found i n  petroleum by Mair. 
s t ruc ture  of c e r t a i n  petroleum hydrocarbons and those produced by heating terpenes 
with su l fur  ( 6 ) .  
with sulfur  and obtaining "petroleum-type hydrocarbons" (7). They a l s o  reported 
obtaining dark viscous mater ia ls  with high s u l f u r  content. 
similar experiments t o  determine whether asphaltene is formed under these condi- 
t ions .  

I n  par t icu lar  the frequent proposals of an asphal- 

Knowing how asphaltene is  formed i n  nature might provide some indicat ion 

W e  have proposed t h e  average s t ruc ture  I f o r  Athabasca asphaltene 

Mair has  noted the general s i m i l a r i t y  between the 

In one experiment Douglas and Mair reported heat ing cholesterol  

We have car r ied  out  

EXPERIMENTAL 

Reaction of Cholesterol with Sulfur  

Powdered choles te ro l  (40 g ) ,  su l fur  (20 g) and, i n  most experiments, 
c l a y  (20 g)  were shaken u n t i l  thoroughly mixed and then heated under nitrogen a t  
170' for  7 days. The mixture w a s  cooled, d i lu ted  with benzene (about 3 : l )  u n t i l  
mobile and centrifuged t o  remove t h e  clay. The benzene so lu t ion  was shaken over- 
n ight  with mercury and centr i fuged t o  remove mercury su l f ide ,  i f  any, and mercury. 
Excess mercury was always present .  The benzene so lu t ion  was concentrated t o  a 
benzene:product r a t i o  of 1:l and d i lu ted  with 60 volumes of n-pentane. The mater- 
i a l  which prec ip i ta ted  was co l lec ted  by f i l t r a t i o n ,  washed with n-pentane, and 
then Soxhlet extracted f o r  th ree  days with ether .  The res idua l  s o l i d  was dried 
a t  50°C and C l m m  Hg f o r  two days. Typical analysis :  C, 74.0: H, 7.7: S, 17.0: 
0, 1.3. 

Reaction of Dimethylnaphthalene with Sulfur 

Technical grade dimethylnaphthalene from Terochem Laboratories, Edmonton, 
was used. 
hydrogen ana lys i s  bu t  contained 0.3% nitrogen. The dimethylnaphthalene (200 9, 
1.28 moles) and powdered s u l f u r  (17.2 g, 0.54 mole) were heated a t  140' f o r  2 days 
while exposed t o  t h e  a i r .  
material ("coke") was  f i l t e r e d  of f  (10.25 9 ) .  The t o t a l  volume was reduced tt 
400 m l  and t h e  m x t u r e  was d i l u t e d  wlth 6 1. of pentane. 

It w a s  completely so luble  i n  pentane and had the  cor rec t  carbon and 

The product w a s  d l lu ted  with benzene and the insoluble  

The p r e c i p i t a t e  was 

132 



col lec ted  and boiled with 10% aqueous sodium s u l f i t e  containing a few drops of 
ethanol fo r  4 hours t o  remove su l fur .  The residue was extracted with benzene, 
dried,  f i l t e r e d  and the  benzene evaporated t o  leave the  product (3.95 g, 2% y i e l d ) .  
Analysis: C I  80.5: H, 5.0: N,  1.4: S, 10.7: 0, 2.4. 

Reaction of Maltenes with su l fu r  

The maltenes from Athabasca bitumen (33.9 g) and su l fu r  (1.7 g) were 
s t i r r e d  mechanically i n  a 200 ml f l a sk  with re f lux  condenser under nitrogen 
for  1 hour, then heated t o  170' f o r  20 hours. The a ix ture  was d i lu t ed  with ben- 
zene, i n  which i t  w a s  completely soluble,  and shaken overnight with mercury. The 
so lu t ion  was 'decanted and d i lu t ed  with pentane to  p rec ip i t a t e  the product, which 
Was Soxhlet extracted with pentane and dried.  Yield 0.84 g. Analysis, a f t e r  
cor rec t ing  f o r  1.9% ash, c, 79.7: H, 7.9: N,  1.0: s, 9.4: 0, 2.1. Mw 7813. 

1 g of synthe t ic  asphaltene,  containing 5 mg-atoms of su l fu r ,  w a s  
added t o  a so lu t ion  of 7 m o l e s  of l i th ium aluminum hydride i n  27 mls of t e t r a -  
hydrofuran. 
hours and then refluxed f o r  16  hours. After cooling, 9% HC1 was added, cautiously 
a t  f i r s t ,  u n t i l  the inorganic material  separated as a white paste.  
was decanted, r ins ing  the  pas te  with dichloromethane. The solvent was evaporated, 
the  resiZue was dissolved i n  dichloromethane and washed with 9% HC1. 
methane was evaporated and the  residue redissolved i n  25 m l s  of tetrahydrofuran. 
A so lu t ion  of KOH (350 q, 3 p e l l e t s )  i n  5 ml of 98% ethanol was added. After 
s t i r r i n g  10 minutes, 1.25 m l s  of oc ty l  iodide was added and the  mixture w a s  s t i r r e d  
overnight. Most of t he  solvent w a s  evaporated and the  res idue  was par t i t ioned  bet- 
ween dichloromethane and 9% HC1. 
was pumped a t  50°C and 0.1 nun Hg under a dry-ice/acetone cold f inger  t o  remove 
most of the  oc ty l  iodide. Gc analys is  with hexadecane as i n t e r n a l  standard showed 
that the  product contained 3.12% of oc ty l  iodide. Recovered 1.04 g. Analysis, 
corrected fo r  2.8% ash, C, 77.1: H, 9.3: 0, 1.5: S, 12.1. Mw, found 974, a f t e r  
cor rec t ing  f o r  oc ty l  iodide present 1129, a f t e r  cor rec t ing  for o c t y l  groups added 
952. 

The mixture w a s  s t i r r e d  under nitrogen a t  room temperature f o r  5 

The so lu t ion  

The dichloro- 

The dichloromethane was evaporated and the  residue 

RESULTS AND DISCUSSION 

Our f i r s t  attempt t o  prepare a synthetic asphaltene involved heating 
dimethylnaphthalene with su l fur .  The major p a r t  of t h e  pentane-insoluble product 
was a l so  insoluble i n  benzene ("coke"), but a small yie ld  of benzene-soluble mat- 
e r i a l  was a l so  obtained. 
tene, having a molecylar weight of only 486, an H/C r a t i o  of 0;78, and a su l fu r  
content of 11%. 
Athabasca asphaltene. 

obtained by heating choles te ro l  with su l fur .  

ueight, HJC r a t i o  and su l fu r  content a r e  shown i n  the  Table. 
tene is  subs tan t ia l ly  increased when clay is  present.  
suggest that  kaolin is mre e f fec t ive  than montmorillonite, contrary t o  expecta- 
t ion.  The 'number average molecular weight of the synthe t ic  asphaltene is about 
2000, whereas t h a t  of Athabasca asphaltene i s  3000 a f t e r  a l lowing . for  hydrogen 
bonding. 
e s t e ro l ,  t o  an average of 1.25 which compares with 1.19 f o r  Athabasca asphaltene 
and an average of 1-16 for 33 analyzed samples i n  the  l i t e r a t u r e  (8). The major 
d i f fe rence  between the  synthe t ic  and na tura l  asphaltene is  t h a t  t h e  synthe t ic  
asphaltene contains an average of 17% sul fur  while the  highest  value recorded f o r  
a natura l  asphaltene is 9.6% (8b). 
su l fur  content from choles te ro l  were not successful.  

This asphaltene was q u i t e  d i f f e r e n t  from na tura l  asphal- 

The H rum spectrum w a s  a l s o  completely d i f f e r e n t  from t h a t  of 

However a mater ia l  s t r i k ing ly  s imi la r  t o  na tura l  asphaltene can be 
The y i e ld  of synthe t ic  asphaltene 

'obtained under various conditions,  together with the  number average molecular 
The y ie ld  of asphal- 

Preliminary experiments 

The H/C ratio has been reduced from 1.7 i n  the  s t a r t i n g  material ,  chol- 

A'ttemnts t o  obta in  an asphaltene with lower 
When the  amount of su l fu r  
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TABLE 

Reactions of Cholesterol (40 g) with Sulfur 
Under Various Conditions 

Reaction Conditions 
Sul fur (g)  Clay(g) Temp. ("C) Time (days) 

Yield(g) Mh' % S H/C 

20 20 170 
20 20 170 

15 20 17 0 
15 20 170 
15 20 170 

7 9.5 1905 17.0 1.24 
7 8.4 2093 17.0 1.24 

Average 9.0 1999 17.0 1.24 

7 1.3 2060 16.9 1.27 
7 2.0 1809 15.9 1.26 
7 1.1 1904 16.4 1.25 

Average 1.5 1924 16.4 1.26 

20 0 170 7 3.6 1631 19.0 1.27 

20 20 150 30 3.7 1893 24.2 1.37 

was reduced t o  10 g (with 40 g of cho le s t e ro l ) ,  no asphaltene w a s  produced. 
If t he  amount of su l fu r  w a s  reduced t o  15  g, t he  y i e ld  of asphaltene dropped sub- 
s t a n t i a l l y ,  bu t  the su l fu r  conten t  decreased only s l i g h t l y  from an average of 17.0% 
to 16.4%, bare ly  outside the  experimental variance. The high su l fur  content, 
roughly twice t h a t  of na tura l  asphaltene,  suggested t h a t  d i su l f ide  groups might be 
present.  To t e s t  t h i s  p o s s i b l i l i t y  t he  synthe t ic  asphaltene w a s  t r ea t ed  with 
l i thium aluminum hydride which would reductively cleave any d i s u l f i d e  groups to  
t h i o l s  (9)  and cause a decrease i n  t h e  molecular weight, i f  t h e  d i su l f ide  group is 
not i n  a ring. 
groups generated. 
1905 t o  952, a f t e r  allowing f o r  t he  weight of the octyl 'groups added (3.1 per  
molecule), showing t h a t  only one d i su l f ide  group per molecule i s  present.  
t i on  of three oc ty l  groups implies t h a t  no more than three  t h i o l  groups were 
generated, which corresponds f a i r l y  well  t o  t he  two t h i o l  groups expected from 
cleavage of one d i su l f ide  bond, and shows t h a t  there  a r e  few i f  any d i s u l f i d e  groups 
in  r ings .  
i n  tetrahydrofuran, which cleaves carbon-sulfur bonds (4 ) ,  decreased the molecular 
weight t o  416. very close to  t h e  choles te ro l  molecular weight of 387. This shows 
that t h e  polymer is held together by su l f ide  bridges, ra ther  than by carbon-carbon 
bonds. 4.6-sulfur atoms per molecule must be involved i n  such bridges, with one a 
d i su l f ide  bridge, t o  cause the  observed decrease i n  molecular weight, so t h a t  the 
remaining 5.5 su l fur  atoms per molecule may be i n  rings.  

s imi la r  to  those of Athabasca asphaltene,  a s  shown i n  the  Figures. The H NMR 
spectrumof t h e  synthe t ic  asphaltene shows t h a t  6% of the  hydrogen atoms a r e  aro- 
matic, qu i te  c lose  t o  the  8% found for Athabasca asphaltene. 
t r u m  of the synthe t ic  asphaltene shows t h a t  32% of the  carbon atoms a r e  aromatic 
compared t o  42% .for Athabasca asphaltene. These f igures  a re  cons is ten t  with the 
s l i g h t l y  higher H/C r a t i o  f o r  t he  synthe t ic  asphaltene. 
synthe t ic  and Athabasca asphaltene is apparent, when the  'H NMR spectrum i s  arbi-  
t r a r i l y  divided in to  "benzylic", "saturated CH2", and "saturated CH3" regions 
a t  64.50-1.75 f o r  "benzylic", 61.75-1.05 f o r  "saturated CH2" and 61.05-0.0 f o r  
"saturated methyl". 
not a t  61.75). 
tene and 0.82:1.0:0.90 f o r  t h e  synthe t ic  asphaltene, i .e.  t he re  appears t o  be m r e  
"saturated.  methyl" absorption i n  the synthe t ic  asphaltene. 

The product w a s  alkylLted with oc ty l  iodide t o  p ro tec t  any t h i o l  
This procedure caused a decrease i n  the  molecular weight from 

Addi- 

Reduction of t he  synthe t ic  asphaltene with potassium and naphthalene 

The I R ,  NMR and W spectrum of the  synthe t ic  asphaltene a r e  quire 

The 13c NMR spec- 

A d i f fe rence  between the 

(The spectrum does show minima a t  about 61.05 and 4.50 but 
The tn ree  regions a r e  i n  the  r a t i o  0.72:1:0.54 fo r  Athabasca asphal- 

The synthe t ic  asphal- 
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tene a l so  shows an intense EPR s igna l  similar t o  t h e  main peak i n  the  spectrum o f  
Athabasca asphaltene. 

I n  view of t h e  high su l fu r  content of t he  asphaltene produced by 
heating choles te ro l  with su l fu r ,  we have investigated the  proper t ies  of the asphal- 
tene produced by heating the  Athabasca maltene with su l fur  under the  conditions 
reported by Bestougeff f o r  Hassi-Messaoud maltene (10). The asphaltene produced 
i n  t h i s  way had an average molecular weight of 7813, 9.4% su l fu r  and an  H/C r a t i o  
O f  1.18. These values a r e  very c lose  t o  those of Athabasca asphaltene.  
there  a r e  some molecules present i n  t he  maltene which can be polymerized by su l fu r  
without incorporating su l fu r  i n t o  the u n i t s  of the  polymer. These molecules a r e  
probably i n  the  res ins ,  where t h e  molecules with r eac t ive  func t iona l  groups a r e  
concentrated. Since l i t t l e  i s  known about the  s t ruc tu re  of t he  molecules i n  the  
res ins ,  we do not know what kind of molecules a re  responsible. 
iment provides fu r the r  support f o r  the  suggestion t h a t  polymerization of smaller 
mlecu le s  with su l fur  is  a possible route  t o  asphaltene i n  nature.  

Apparently 

However the exper- 

CONCLUSIONS 

Reaction of choles te ro l  with su l fu r  produces mater ia l  very similar t o  
na tura l  asphaltene. The synthe t ic  asphaltene cons i s t s  of s m a l l  un i t s  held together 
by su l fur  bridges, as w a s  previously found fo r  Athabasca asphaltene. 
of t h i s  type a r e  a reasonable route  t o  asphaltene i n  nature, and a r e  t h e  only route 
supported by experimental evidence. 

Reactions 

ACKNOWLEDGEMENTS 

W e  a r e  g ra t e fu l  t o  the  National Research Council f o r  f i nanc ia l  support, 
and t o  the  Alberta Oil Sands Technology Research Authority f o r  a fellowship t o  
one of us (A.V. K - J . ) .  M r .  Cleve Murray provided technica l  ass i s tance .  

REFERENCES 

Yen, T.F., Energy Sources, A, 447 (1974). 
(a) Erdman, J.G., Adv. Org. Geochem., 215 (1964). 
(b) idem, "Hydrocarbon Analysis", ASTM Spec. Tech. Publ .  389, 259 (1965). 

Speight, J.G.,  Fuel, E, 102 (1971). 

Ignasiak, T., Kemp-Jones, A.V., and Strausz,  O.P., J. Org. Chem., 42, 312 (1977). 
(a) Kuznetsov, S.I., Ivanov, M.V., and Lyalikova, N.N., "Introduction to  
Geological Microbiology", McGraw-Hill, New York, 1963. 
(b) Davis, J.B., "Petroleum Microbiology", Elsevier,  Amsterdam, 1967. 

'Mair, B.J., Geochim. Cosmochim. Acta, 2, 1303 (1964). 
Douglas, A.G., and Mair, B.J., Science, 499 (1965). 

(a) Erdman, J.G., and Ramsey, V.G., Geochim. Cosmochun. Acta, 5, 175 (1961). 
(b) Padovani, C., B e r t i ,  V., and P i n e t t i ,  A., Proc. 5th World P e t .  Congr., 
Sec. V, 273 (1959). 
(c) m o t s ,  J.A., and Speight, J.G.,  Fuel, E, 179 (1975). 

Arnold, R.C., Lien, A.P., and A l m ,  R.M., J. Am. Chem. SOC., 72, 731 (1950). 

(a) Bestougeff, M., Bull. Soc. Chim. Fr. ,  4773 (1967). 
(b) idem, Proc. 7th World Pet. Congr., 9, 129 (1969). 

135 



I - Cholesterol 

WAVELENGTH (microns) 
2.5 7 8 9 IO I2 IS 20 

0.4 
0.6 

0.0 

0.2 - b 
I 

0.4 - 
0.6 - 

1.0 - 0 ,  , , , ,  

4000 30M) 2000 1500 1000 

FREQUENCY (crn-I) 

Figure 1. (a) IR spectrum of Athabasca asphaltene (2.7% in CHC13). 
(b) IR spectrum of synthetic asphaltene prepared from cholesterol and sulfur 

(2.7% in CHCIJ). 
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Figure 2. (a) 1 H NMR spectrum of Athabasca asphaltene. 

(b) H NMR spectrum of synthetic asphaltene prepared from cholesterol and sulfur. 
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Figure3. (a) UV spectrum of Athabasca asphaltene (16 mg/l in tetrahydrofuran). 
(b) UV spectrum of synrhetic asphaltene prepared from cholesterol and sulfur (15 ms/l 

in tetrahydrofuran). 

137 



I - 

0.0 0.2 

0.4 
0.6 
1.0 
0.0 

0.2 

0.4 
0.6 
1.0 

HO L f F  
Cholesterol 

I v - T - r T - , -  

L - r +& 0 

- 
- 
- 
- 

~ b d l  
- 
- 

- J , ,  

Figure 1. (a) I R  spectrum of Athabasca asphaltene (2.7% in CHCI,). 
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Figure 2. (a) ’ H NMR spectrum of Athabasca asphaltene. 
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Figure 3. (a) UV spectrum of Athabasca asphaltene (16 mg/l in tetrahydrofuran). 
(b) UV spectrum of synthetic asphaltene prepared from cholesterol and sulfur (15 mgll 
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CHEMICAL CHANGES DURING THERMAL HYDROCRACKING 
OF ATHABASCA BITUMEN 

A.E. George, G.T. Smiley and H. Sawatzky 

Canadian F o s s i l  Fuel Research Laboratory, 
Research on Bituminous Substances Section, 
Energy Research Laboratories, CANMET, 
Department of  Energy, Mines and Resources, 
Ottawa, Canada. 

INTRODUCTION 

Non-catalytic thermal hydrocracking is  a method of upgrading Athabasca bitumen. 
It  reduces or el iminates  waste coke production and, i f  combined with gas i f ica t ion  of 
t h e  residue,  is l e s s  po l lu t ing  than the current ly  used coking processes. I n  a pre- 
vious report  (1) w e  described some of the chemical conversions t h a t  take place during 
the  hydrocracking of  the bitumen. The work described here is a continuation of the 
previous s tud ies  on the hydrocracked products. 

EXPERIMENTAL 

A schematic diagram of the procedure and the  breakdown to compound-types is  
shown i n  Figure 1. 

Samples : 

1. Athabasca bitumen obtained from the Great Canadian O i l  Sands' ho t  water 
separat ion process, 

2.  Five  samples of hydrocracked bitumen, selected t o  represent  increasing 
s e v e r i t i e s  of treatment a s  expressed i n  p i t c h  conversion t o  d i s t i l l a b l e  
f rac t ions .  

Thermal Hydrocracking 

The hydrocracking p i l o t  p l a n t  and its operation have been described i n  a pre- 
ViOuS repor t  ( 2 )  by our colleagues i n  the  Process Engineering Section of the Canadian 
F o s s i l  Fuel Research Laboratory of the  Energy Research Laboratories. 
bitumen and hydrogen are fed  a t  the  bottom. The resu l t ing  products, both l iqu id  and 
vapour, flow from t h e  top of the  reac tor  t o  a hot  separator .  The condensed material 
i n  t h i s  receiver  is withdrawn continuously as  a heavy o i l  product (HOP) through a 
pressure reducing valve i n t o  an atmospheric receiver .  
from the hot  separator  to  a cold rece iver  where the l i g h t  o i l  product (LOP) is with- 
drawn continuously. The gas stream from t h e  cold receiver ,  consis t ing mainly of 
hydrogen and containing impur i t ies  such as uncondensed hydrocarbon gas, hydrogen 
sulphide and ammonia, is  oil-scrubbed. The scrubbed hydrogen i s  joined by fresh 
make-up hydrogen and is then recycled t o  the  reac tor  a t  a constant  control led rate .  
Five l iqu id  samples of both the l i g h t  and heavy o i l  products represent ing increasing 
degrees of hydrocracking w e r e  s e l e c t e d  f o r  invest igat ion.  
are representat ive of s teady state conditions a t  a l iqu id  hourly space ve loc i ty  of 
2 and temperatures of 435, 445 and 455OC. Similar ly ,  the other  two samples were 
obtained a t  a l i q u i d  hourly space ve loc i ty  o f  1 and temperatures of 445 and 460°C. 
A l l  the samples resu l ted  from processing a t  2000 p s i  operat ing pressure and a hydro- 
gen recycle r a t e  of 1.5 cu f t / h r .  a t  the  same operating pressure and a temperature 
Of 25OC. 
and heavy o i l  depends on t h e  hot-receiver  temperature, the gas/liquid r a t i o  entering 
the receiver ,  and the degree of cracking t o  which the  product i s  subjected ( 3 ) .  

Athabasca 

The uncondensed vapours flow 

Three of  these samples 

The hydrogen p u r i t y  w a s  85%. The d i s t r i b u t i o n  of product between l i g h t  
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Distillation 

Light oil product (LOP) was separated by distillation (ASTM D216-54) to light 
ends boiling below 2OO0C and a fraction boiling above 200°C. The heavy oil product 
(HOP) did not contain any light ends boiling below 200OC. The distillation residue 
Of the HOP boiling above 524OC under atmospheric pressure is defined as pitch. 

Deasphalting 

The asphaltene portion of the heavy oil (HOP) was precipitated by the addition 
Of twenty volumes of pentane to one volume of oil. The asphaltenes were separated 
by filtration, extracted with pentane in a Soxhlet Extractor and dried first on a 
water bath and then under reduced pressure at 5OoC. The main pentane solubles and 
washings were combined and n-pentane was completely evaporated from these maltenes. 

Compound-Type Separation 

The light ends distilling below 2OOOC were analysed for saturate, aromatic and 
olefinic contents on silica gel using the fluorescent indicator adsorption method 
(ASTM D1319-70), and the following fractions were collected: 

(i) saturated hydrocarbons 

(ii) mixture of saturated and olefinic hydrocarbons 

(iii) olefinic hydrocarbons 

(iv) mixture of olefinic and aromatic hydrocarbons 

(v) aromatic hydrocarbons 

(vi) mixture of aromatic hydrocarbons and polar compounds 

The light oil product (UP) boiling above 200'C and the deasphalted heavy oil 
product (maltenes of HOP) were separated into compound-type concentrates of saturates, 
monoaromatics, diaromatics, polyaromatics and basic compounds in a dual-packed (silica 
gel and alumina gel) liquid-solid chromatographic column developed by the API  project 
60 (41 ,  and modified in this laboratory (5), Figure 1. 

The number of moles of the various types of structures were determined using 
average molecular weights that were obtained by vapour-pressure osmometry for the 
light and heavy oil fractions. The average molecular weights of the light oil frac- 
tion below 200°C were determined from gas chromatographic simulated distillation 
data, assuming that the material distilling when half of the sample had distilled 
represented the average molecular weight. The aromatics in the light ends distilling 
below 200°C were assumed to be mononuclear aromatics. 

The number of sulphur-bearing structures in each fraction was determined assuming 
that there was one sulphur atom per molecule; the number of sulphur-free structures 
was then obtained by difference. Sulphur contents of compound-types were determined 
by the microbomb method 16). 

Characterization of the Hydrocracked Products 

1. Capillary Gas Chromatography 

The various fractions collected from the FIA separations were subjected 
to capillary gas chromatography on a 100 ft OV-101 column, and the 
column effluent was characterized by mass spectrometry (CEC-21-1041. 
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, 
2 .  Gas-liquid Chromatography (Packed Columns) 

The main f r ac t ions  of the  hydrocarbon types co l lec ted  from the l iquid- 
so l id  chromatographic separa t ion  (LOP above 200°C and deasphalted HOP) 
were chromatographed on an OV-1 packed column using both flame ioniza- 
t i on  and coulometric sulphur de tec tors .  

Separation on Anion-Cation Exchange Resins 

The heavy o i l  product of a severely hydrocracked bitumen was subjected 
t o  chromatography on both anion and cation exchange r e s ins  i n  order t o  
concentrate the  nitrogeneous and polar  compounds according t o  a proce- 
dure similar t o  t h a t  developed by the  API p ro jec t  60 (71, but  modified 
t o  reduce t h e  time of ana lys i s  ( 8 ) .  The r e s u l t s  were compared with 
r e s u l t s  obtained on applying t h i s  separation scheme to  the  bitumen 
feedstock. 

3. 

4. Infra-red Spectrometrx 

Some comparisons w e r e  made of the I R  spec t ra  on a Beckman IR-12.  Meth- 
ylene ch lor ide  so lu t ions  of t he  samples were scanned for the  carbazole 
and carboxylic ac id  bands. 

5. High Resolution Mass Spectrometry 

The diaromatics of t he  hydrocracking product (445OC, LHSV 1) were 
studied by high reso lu t ion  mass spectrometer (Model MS-9) fo r  i d e n t i f i -  
ca t ion  of ind iv idua l  components. 

RESULTS AND DISCUSSION 

Gross Composition 

I n  thermal hydrocracking of A t h a b a s c a  bitumen the  l i g h t e r  mater ia l s  a r e  formed 
a t  the expense of t he  heavier ones as  shown i n  Table 1. The p i t c h  f r ac t ion  is de- 
f ined  a s  t h a t  f r ac t ion  bo i l ing  above 523.9T as  determined i n  a Podbielniak f lash  
equilibrium s t i l l  ( 2 ) .  
of p i t ch  converted to  products d i s t i l l i n g  below 523.9'C. 

Compound-Type Changes 

The ex ten t  of conversion is  determined by the  percentage 

I n  Table 2 the  changes t h a t  occur i n  the  chemical type d i s t r ibu t ion  on a weight 
basis are shown. The sa tura ted  hydrocarbons (including t h e  o l e f in s )  increased a t  
t he  expense of the  o ther  c l a s ses  o f  compounds, pa r t i cu la r ly  the  polynuclear aromatic 
and polar compounds and most of t h i s  increase  (46%) took place a t  the  l e a s t  severe 
treatment (435OC) studied. The bas i c  compounds decreased t o  l e s s  than ha l f  the 
amount i n  the  feed during the  mildest treatment bu t ,  s ince  t h i s  c l a s s  cons t i tu tes  
such a small prportion of the total  bitumen, it does not make a subs t an t i a l  contri-  
bution t o  o ther  compound types  on degradation. 
a f fec ted  by the treatments a t  435OC. 
somewhat, while the dinuclear aromatic compounds decreased s l igh t ly .  

The asphaltenes were not appreciably 
The mononuclear aromatic compounds increased 

Under the  more severe conditions,  t he  production of sa tura ted  hydrocarbons 
appears to acce lera te  as a function of t he  percentage of p i t ch  conversion as shown 
i n  Figure 1. 
thermal treatments. The polynuclear aromatic and polar  compounds continue t o  decrease 
on a weight bas i s  w i t i l  increasing seve r i ty  of treatment, while the dinuclear aromatics 
undergo a small decrease and the mononuclear aromatic compounds increase s l i gh t ly .  

The asphaltenes diminish markedly when subjected to  the more severe 
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On a molar b a s i s  the  s i t u a t i o n  i s  d i f f e r e n t ,  as shown i n  Table 3, The number 
Of moles Per 100 gm of products of a l l  aromatic hydrocarbons increases  as a func- 
t i o n  Of sever i ty  of hydrocracking, 
lower molecular weight aromatic hydrocarbons from the higher molecular weight com- 
plex mater ia ls .  The other  p o s s i b i l i t y  is t h a t  they could have been formed during 
arOI@dtiZatiOn react ions i n  which some s t ruc tures ,  such a s  asphaltenes or l a rge  
PlYnUClear aromatic c l u s t e r s ,  become hydrogenated by hydrogen t ransfer .  

Some of t h i s  increase is due t o  cleavage of 

The number of moles of both dinuclear and polynuclear aromatic hydrocarbons 
increase subs tan t ia l ly  during the less severe treatments, and during the most sev- 
e r e  treatment the increase is  not a s  s u b s t a n t i a l  a s  i n  the  lower conversion ra tes .  
The moles Of mononuclear aromatic hydrocarbons increase s t e a d i l y  with the increase 
i n  sever i ty  of conditions. 

when the changes i n  the number of moles of the var ious types a r e  p lo t ted  against  
the percentage p i tch  conversion, the p l o t s  as shown i n  Figure 2 a r e  obtained. 
i n t e r e s t i n g  fea ture  of t h i s  f igure  i s  t h a t  t h e - l a r g e s t  increases  i n  the number of 
nudes Of mononuclear aromatic hydrocarbons, and a l s o  i n  t h e  weight of saturated 
hydrocarbons, occur during the  most rapid decl ine of the asphaltenes. 

The 

Asphaltenes a re  considered t o  cons is t  mainly of l a r g e  subs t i tu ted  aromatic 
s t ruc tures  ( 8 )  and to  contain more heteratoms than other  bitumen f rac t ions .  There- 
f o r e  it would be expected t h a t  t h e i r  cleavage during cracking would increase the 
number of polynuclear aromatic and polar  s t ruc tures .  While there  i s  a steady molar 
increase i n  these compounds, there  i s  no apparent d i r e c t  re la t ionship  between t h e i r  
increase and the r a t e  of asphaltene degradation. 

The subs tan t ia l  increase i n  the  number of moles of mononuclear aromatic com- 
pounds tends t o  ind ica te  some re la t ionship  to  asphaltene destruct ion.  Since it is 
not  believed t h a t  the  asphaltenes contain many phenyl groups, a hydrogenation s t e p  
of the large aromatic s t ruc tures  i n  the asphaltenes before  undergoing cracking 
must be considered. 

Mononuclear aromatic hydrocarbons are possibly formed during hydrogen t rans-  
f e r  react ions i n  which asphal tenes  undergo some hydrogenation, while cycloalkanes 
are aromatized. 
I f  a d icyc l ic  alkane is a good donor, then more highly c y c l i c  alkanes should be 
even b e t t e r  donors. I f  o l e f i n i c  bonds a re  involved i n  the r ing  systems t h e i r  ten- 
dency f o r  aromatization is  increased (10).  It i s  known t h a t  the  Athabasca saturated 
hydrocarbons a re  highly c y c l i c  (11) and t h a t  the hydrocracked s a t u r a t e s  contain 
subs tan t ia l  o le f ins .  Thus mono-aromatization of the  sa tura ted  hydrocarbons ( inclu-  
ding o l e f i n s )  appears plausible .  

Cyclohexanes a r e  not  good hydrogen donors but  decal ins  a r e  ( 9 ) .  

The asphaltene aromatic c l u s t e r s  might a l s o  have undergone some hydrogenation 
during milder treatments i n  which cycloalkyl mononuclear ( t e t r a l i n s )  o r  other  
cycloalkyl aromatic compounds l o s t  hydrogen t h a t  led  t o  t h e  increase i n  d i -  and 
polynuclear aromatic moles. This would then suggest t h a t  the  number of moles of 
mononuclear aromatic hydrocarbons produced is grea te r  than indicated i n  Table 3. 

The FIA r e s u l t s  of the l i g h t  ends below 200T were as shown below: 

LHSV - 1, 4OOOC 
435 
445 
455 

LHSV - 2, c45 
460 

Saturates  Olef ins  Aromatics & Polar 

60.6 26.8 12.7 
59.2 29.3 11.5 
69.7 19.2 11.1 
69.6 18.9 11.5 

73.0 15.9 11.1 
75.3 13.8 10.8 
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It can be seen t h a t  t he  o l e f i n  conten t  of the  l i g h t  ends decreases with sev- 
erity of crqcking which mcyl be Caused. by *e aromat&zation reac t ions  discussed 
earlier. 

These l i g h t  ends were v i r t u a l l y  non-existent i n  the  bitumen feedstock and 
thus were t o t a l l y  the  products of hydrocracking. In Figure 3, the chromatogram 
of l i gh t  ends obtained under m i l d  conditions (4OO0C, LHSV-1, p i t ch  conversion 27.69) 
is shown. Most o f  t h e  main peaks (30% of the  LOP) are due t o  normal alkanes. 
This proportion of normal alkanes appeared t o  increase s l i g h t l y  with an increase 
in hydrocracking sever i ty .  

Figure 4 shows the  gas chromatogram of t h e  arcmatic compounds and the  numbered 
peaks represent the  following compounds. 

1. n-propyl benzene 

2. l -me thy l~ -e thy l  benzene 

3. 1,3,5-trimethyl benzene 

4. 1,2,4-trmethyl benzene 

6.  7 a tr imethyl thiophene 

7. a dimethyl-ethyl benzene 

8.  

9. 

mixture of a methyl- isopropyl benzene and 

a dimethyl-ethyl benzene and dimethylr-ethyl thiophene 

mixture of tetra-methyl benzene and tetramethyl thiophene 

10. dimethyl indane and tetramethyl benzene 

The chromatogram of t h e  p o l a r  materials is shown i n  Figure 5. These materials 
are composed mostly of thiophenes but  they a l s o  contain benzene and xylene isomers. 
The numbered peaks were i d e n t i f i e d  a s  follows: 

1. thiophene and benzene 

2. e thy l  thiophene 

3. tetrahydrothiophene 

4. p x y l e n e  

5. m-xylene 

6.  o-xylene 

7 .  2-n-propyl thiophene 

8. 2,3,4 - tr imethyl thiophene 

The amount of sulphur i n  the l i g h t  ends increases up t o  a l eve l  o f  approxi- 
mately 0.005 moles per  100 g of bitumen products and the rea f t e r  remains v i r t u a l l y  
constant with increas ing  hydrocracking seve r i ty ,  ind ica t ing  a steady state between 
the sulphur-containing molecules cleaved from the  high molecular weight components 
and those desulphurized t o  H2S. 

Dinuclear Aromatic Compounds 

This c l a s s  o f  compounds has been inves t iga ted  t o  a considerable extent.  
espec ia l ly  with high reso lu t ion  mass spectrometry. As f a r  as the  material  t h a t  
vaporized i n  the spectrometer w a s  concerned (average carbon numbers for t he  naph- 
thalenes were about '-7.5 i n  the feed and about 16 i n  the  severely cracked products). 
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there was little difference between the naphthalenes in the feed and products 
according to the mass spectra analyses. 
both alkyl and cycloalkyl groups with the latter predominating. 

These naphthalenes were substituted by 

However, according to the gas chromatograms (FID), there are considerable 
differences between the dinuclear aromatic compounds in the feedstock and the 
hydrocracked products. As the products become more severely hydrocracked the 
molecular weight and the number of isomers decrease. 
6-10. The compounds in the main diaromatic fraction of the feedstock are un- 
resolvable by gas chromatography. In the severely hydrocracked products even the 
heavy oil, the main diaromatic fraction, is resolvable. 

This is shown in Figures 

In the feedstock, alkyl and cyclo-alkyl benzothiophenes represent the sulphur 
compounds eluting from the liquid chromatographic column before and during the 
main diaromatic fraction elution. Alkyl and cyclo-alkyl dibenzothiophenes were 
predominant in the eluting tail of the diaromatic fraction. In the severely 
hydrocracked diaromatic fractions, the benzothiophenes were predominant in all 
fractions and small amounts of dibenzothiophenes were found only in the tail 
fractions. The sulphur compounds decrease in molecular weight and become more 
resolvable by gas chromatography with increasing hydrocracking as shown by the 
chromatograms in Figures 11-15. 

Another aspect of the diaromatic compounds is the appearance of dibenzofurans 
in the tail fractions of the severely hydrocracked materials. 
found in the feedstock and thus appear to be formed during hydrocracking. 

These were not 

As far as the polynuclear and polar fractions are concerned, they also become 
more resolvable on gas chromatography with increasing hydrocracking severity. 

Other Changes During Hydrocracking 

1. Decarboxylation 

In Figure 16 we see the infra-red spectra in region 1650-1750 cm-l of two 
The fractions consisted of 2.7% and acid fractions isolated from the'bitumen. 

0.8% of the bitumen. 
acids and the latter to aromatic acids. In tiie hydrocracked material these acid 
fractions were virtually absent, as shown in Table 4, indicating complete decar- 
boxylation. 

The infra-red spectra of the former is similar to alkyl 

2. ' Carbazole Formation 

Comparisons are made in Figure 17 of the IR spectra of various fractions 
obtained by chromatography on ion exchange resins of the feed, and of a severely 
hydrocracked heavy oil. The re ults of the chromatography are shown in Table 4. 
The absorption band at 3460 cm-' is considered to be due to carbazole (7). 
can be seen that there is considerable increase in carbazoles during hydrocracking. 

Sulphur Compounds in the Polynuclear and Polar Compound Classes 

It 

The amounts of sulphur compounds on a molar basis are shown in Table 5, in 
which it is assumed as a first approximation that each mole contains one sulphur 
atom. The fact that about two-thirds of the sulphur was lost in these fractions 
on hydrocracking indicates that a large portion of this class contains sulphur 
that is less thermally stable (possibly sulphides). Remaining sulphur compounds 
are considered to be mostly thiophenic. 
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TABLE 1 

GROSS COMPOSITION OF ATHABASCA BITUMEN AND 
PRODUCTS OF HYDROCRACKING 

( w t  % of total bitumen) 

PITCH LIGHT OIL PRODUCT (KIP) HEAVY OIL PRODUCT (HOP) 
SAMPLE CONVERSION* Below 20OoC Above 200°C MALTENES ASPHALTENES 

FEED 1.4 (83.3% maltenes above 15.3 

LHSV-2, 435oc 59.1 3.9 7.0 10.2 65.5 13.4 
LHSV-2, 445oc 68.9 4.0 11.5 10.2 62.0 12.3 
LHSV-2, 455°C 77.4 5.9 13.1 10.8 59.7 10.5 
LHSV-1, 445oc 80.0 6.8 13.5 25.7 47.0 7.0 
LHSV-1, 46O0C 91.4 9.2 18.5 34.0 35.6 2.7 

(*) Reference 1 

200OC) 

TABLE 2 

COMPOUND TYPE DISTRIBUTION (% BY WT) 

MONONUCLEAR 
SAMPLE SATURATES AROMATICS 

FEED 21.0 7.8 
LHSV-2, 435oc 33.4 9.3 
LHSV-2, 445OC 36.1 10.1 
LHSV-2, 455OC 38.9 10.5 
LHSV-1, 445°C 42.5 10.5 
LHSV-1, 460'C 47.8 11.5 

DINUCLEAR 
AROMATICS 

11.0 
10.5 
10.7 
11.0 
10.1 
9.7 

POLYNUCLEAR 
AROMAT ICs 

20.1 
14.2 
12.9 
11.7 
11.1 
9.1 

POLAR 
COMPOUNDS 

19.0 
12.8 
11.6 
9.8 
10.5 
8.8 

BASIC 
COMPOUNDS ASPHALTENES 

5.7 15.3 
2.3 13.4 
2.1 12.3 
1.6 10.5 
1.2 7.0 
0.9 2.1 

TABLE 3 

COMPOUND TYPE DISTRIBUTION 
WITHOUT SULFUR COMPOUNDS (MOLES/100 g )  

MONONUCLEAR 
SAMPLE AROMATICS 

FEED 0.017 
LHSV-2, 435°C 0.026 
LHSV-2, 445OC 0.030 
LHSV-2, 455OC 0.036 
LHSV-1, 445OC 0.039 
LHSV-1, 46OoC 0.046 

DINUCLEAR 
AROMATICS 

0.012 
0.021 
0.023 
0.028 
0.027 
0.030 

POLYNUCLEAR 
AROMATICS POLAR COMPOUNDS 

0.004 - 
0.011 0.005 
0.014 0.00 
0.015 0.010 
0.021 0.014 
0.020 0.016 
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TABLE 4 

SEPARATION OF NITROGENEOUS COMPO.NENTS 
ON ANION-CATION EXCHANGE RESINS 

ELUENT 
DEASPHALTED FEED 

(MALTENES ) 

w t  % Eluate 8 N 

DEASPHALTED HOP 
(MALTENES) 

w t  % Eluate 8 N 

n-Pentane 
Cyclohexane 
Anion Exchange Resin A-29 
Benzene 
Benzene-Methanol 
Benzene-Methanol-CO 
Benzene-Acetic Acid 2 

Cation Exchange Resin A-15 
Benzene 
Benzene-Methanol 
Benzene-Methanol-Isopropylamine 

73.0 0.02 
5.4 0.46 

7.8 1.26 
2.4 1.28 
2.7 0.34 
0.8 2.95 

4.5 0.64 
1.8 0.92 
1.6 2.14 

82.7 0.02 
2.4 0.70 

7.2 5.29 
1.2 5.57 
0.2 
0.1 -- 
2.0 2.07 
0.4 
1.9 7.32 

-- 

-- 

TABLE 5 

SULPHUR CONTENT DISTRIBUTION 
 MOLES/^^^ 9) 

MONONUCLEAR DINUCLEAR POLYNUCLEAR 
SAMPLE AROMATICS AROMATICS AROMATICS POLAR COMPOUNDS 

FEED 0.005 0.016 0.043 0.040 
LHSV-2, 435oc 0.010 0.015 0.030 0.025 
LHSV-2, 445oc 0.011 0.015 0.026 0.022 
LHSV-2, 455oc 0.010 0.015 0.024 0.018 
LHSV-1, 445oc 0.080 0.013 0.014 0.018 
LHSV-1, 46OoC 0.080 0.013 0.015 0.013 
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FIGURE 6 

DIAROMATICS OF ATBABASCA FEEDSTOCK 
Light Oil Product (above 20OoC) 
OV-1 on Chromosorb W. a.v.. 60-80 m 

DIAROMATICS OF HYDROCRACKED ATBABASCd 

Light Oil Product (above 20OoC) 
OV-lon Chromosorb W. a.v., 60-80 m 

<43soc, LHSV-2) 
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FIGURE 8 

DZAROMATICS OF HYDROCRACKED ATHABASCA 

Light O F 1  Product (above 20OoC) 
OV-1 on Chromosorb W, a-w. .  60-80 m 

(460'C. L.HSV-1) 

FIGURE 9 

DIAROMATICS OF EYDROCRACKED ATHABASCA 

Heavy OF1 Product (deasphalted) 
OV-1 on Chromosorb W, a.w., 60-80 m 

(435OC. msv-2) 
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PIGURE 10 

DIAROMATICS OF HYDROCRACKED ATEABASCA 

Eeavy Oil Product (deasphalted) 
(k6OoC. LHSV-1) \ OV-1 on Chromosorb W, a.w., 60-80 m 

FIGURE 11 

DIAROMATIC SULPHUR OF ATBABASCA FEEDSTOCK 
Light O i l  Product (above ZOO'C) 
W-1 on Chromosorb W, a.w., 60-80 m 
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FIGURE 12 

DUROMATIC SULPWR OF HYDROCRACKED 

Light Oil Product (above 20OoC) 
OV-1 on Chromosorb W, a.v., 60-80 m 

ATwEiAScA (435OC. LHSV-2) 

FIGURE 13 

DIAROMATIC SULPHUR OF HYDROCRACKED 
ATHABASCA (46OOC. LHSV-1) 

Light Oil Product (above 20OoC) 
OV-1 on Chromosorb W. a.w.. 60-80 m 
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FIGURE 14 

DIAROHATIC SULPHUR OF HYDROCRACKED 
ATBABASCA (435OC. L E V - 2 )  

Eeavy O F 1  Product  (deasphalted)  
OV-1 on Chromosorb W, a.w., 60-80 m 
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0 Y I Y 2 0  22 24 
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FIGURE 15 

DIAROMATIC SULPHUR OF HYDROCRACKED 
ATHABASCA (46OoC, LHSV-1) 
Heavy Oil Product (deasphalted)  
OV-1 on Chromosorb W, a.w.,  60-80 m 
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FIGURE 16 

FIGURE 17 

157 



FIR6FI.OODING C W Y G E S  IN ATHABASCA BITUMEN AND WATER PROPERTIES 

D.W. Eennion, L .  Vorndran, J . K .  Donnelly & R . G .  Moore 

Department of  Chemical Engineer jng  , U n i v e r s i t y  of Calgary 
2920 - 24 Avenue N.W., Calgary ,  A l b e r t a ,  T 2 N  1 N 4  

INTRODUCTION ._ 

F i r e f l o o d i n g  is t h e  p rocess  of  i g n i t i n g  t h e  hydrocarbons  i n  t h e  fo rma t ion  a t  t h e  
s i t e  of an i n j e c t i o n  w e l l ;  t h i s  i s  fo l lowed by p ropaga t ion  of t h e  combustion f r o n t  
th rough t h e  r e s e r v o i r  t o  p roduc ing  wells. Combustion i s  ma in ta ined  by t h e  Lnjec t ion  
of a i r  and a s  t h e  f i r e - f r o n t  moves through t h e  r e s e r v o i r ,  i t  v a p o r i z e s  o i l  and the  
format ion  wa te r .  These a r e  moved ahead of t h e  f r o n t  i n  a gas  phase ,  t hen  condensed 
in c o o l e r  p o r t i o n s  of t h e  r e s e r v o i r  and e v e n t u a l l y  produced from a p roduc t ion  wel l .  
The f u e l  f o r  combustion is  s u p p l i e d  by t h e  heavy r e s i d u a l  m a t e r i a l  which i s  not  
vapor ized  by t h e  f i r e - f r o n t .  T h i s  m a t e r i a l  is g e n e r a l l y  r e f e r r e d  t o  as coke and is 
i e p o s i t e d  on t h e  rock  ma t r ix .  

Sombustion can  proceed  i n  two d i r e c t i o n s :  i n  t h e  most commonly used  p r o c e s s ,  t h e  
:ombustion zone advances i n  t h e  same d i r e c t i o n  a s  t h e  a i r  f low and i s  known as  
"forward combustion"; i n  t h e  second method, t h e  combustion f r o n t  advances i n  t h e  
J i r e c t i o n  o p p o s i t e  t o  t h e  f low o f  a i r  and is c a l l e d  " r eve r se  combustion". Forward 
-ombustion bu rns  t h e  l e a s t  d e s i r a b l e  f r a c t i o n  of t h e  o i l ,  l e a v e s  a c l e a n  format ion  

5ehind  and i s  a n  e f f i c i e n t  h e a t  g e n e r a t i n g  p rocess .  I ts  main drawback i s  t h a t  t h e r e  
must b e  s u f f i c i e n t  m o b i l i t y  f o r  t h e  vapor i zed  o i l  and w a t e r  t o  be  produced a f t e r  
chey have  condensed ahead of t h e  f i r e f r o n t .  I n  r e v e r s e  combustion, t h e  produced 
l i q u i d s  a r e  produced through t h e  hea ted  p o r t i o n  of t h e  r e s e r v o i r .  
p rocess  i s  a n  i n t e r m e d i a t e  f r a c t i o n  of t h e  o r i g i n a l  o i l  and t h e  coke  remains i n  t h e  
ma t r ix .  The p rocess  a l s o  produces  c r u d e  o i l  which c o n t a i n s  more oxygen compounds 
ihan  c rude  produced w i t h  forward  combustion. Because spontaneous  i g n i t i o n  can occur 
t h e  process  i s  d i f f i c u l t  t o  c o n t r o l .  

In t h e  forward combustion p r o c e s s ,  w a t e r  has  been  i n j e c t e d  wi th  t h e  a i r  t o  remove 
h e a t  from t h e  h o t  rocks  and t o  reduce  t h e  amount of air  r equ i r ed .  A number of 
i n v e s t i g a t i o n s  of d i f f e r e n t  t y p e s  of w e t  combustion have  been  made (1-3). These 
i n v e s t i g a t o r s  have  c l a s s i f i c a t i o n s  f o r  t h i s  p rocess  accord ing  t o  t h e  amount of water 
be ing  i n j e c t e d .  In t h i s  pape r  w e  w i l l  u s e  Burger and  Sahuguet ' s  (1) nomenclature.  
They c l a s s i f i e d  t h e  t y p e s  of wet combustion i n t o  normal ,  incomple te  and supe r  wet. 
I n  normal w e t  combustion t h e  w a t e r  e v a p o r a t i o n  f r o n t  is behind  t h e  f i r e f r o n t  and a l l  
t h e  coke is burned .  
t h e  combustion zone b u t  n o t  all t h e  coke is burned. In bo th  of t h e s e  p rocesses  
superhea ted  steam passes  through t h e  f i r e f r o n t .  Super wet combustion t a k e s  p l ace  
when enough w a t e r  e n t e r s  t h e  combustion zone t o  cause  t h e  d i sappea rance  of t h e  peak 
combustion t emperafure .  

The o b j e c t  of t h i s  s tudy  i s  t o  p r e s e n t  t h e  d a t a  from t h e  a n a l y s i s  of  t h e  e f f l u e n t  of 
a dry  combustion test and a wet combustion t e s t  performed on o i l  s ands  from t h e  
Athabasca O i l  Sands d e p o s i t .  
used t o  run  t h e  tests, as w e l l  as a d e s c r i p t i o n  of t h e  a n a l y t i c a l  methods used t o  do 
t h e  e f f l u e n t  a n a l y s i s  and a d i s c u s s i o n  of t h e  r e s u l t s  ob ta ined .  

The f u e l  f o r  t h i s  

I n  incomple t e  combustion t h e  w a t e r  evapora t ion  f r o n t  i s  behind 

The pape r  g i v e s  a b r i e f  d e s c r i p t i o n  of t h e  appara tus  

- EXPERIMENTAL APPA~ATUS 

A schemat ic  d iagram of t h e  combustion t u b e  i s  shown i n  F i g u r e  1. 
tube  is c o n s t r u c t e d  from a 1.83 meter l e n g t h  of 10.2 cm d iame te r  600 Incone l  tub ing  
of 1.067 nun w a l l  t h i c k n e s s .  
t empera tu res  a s  h igh  as 115OoC is equipped wi th  h e a t e r s  and thermocouples;  t h e  

The combustion 

The combustion tube ,  which is des igned  t o  wi ths tand  
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h e a t e r s  a r e  c o n t r o l l e d  so  t h e  t trbe i s  a h l e  t o  approach a d i a b a t i c  c o n d i t i o n s .  
a d i a b a t i c  t ube  is p lac rd  i n  a p r e s s u r e  jac!.et w l t h  a p r e s s u r e  r a t i n g  of 6 ,595 P a .  

The fo l lowing  v a r i a b l e s  a r e  measured throughout  a run: p r e s s u r e  drop ,  t e n p e r a t u r e  
a l o n g  t h e  tube ,  volume of  i n j e c t e d  a i r  and w a t e r ,  composi t ion  of  produced g a s ,  and 
volumes of produced gas ,  o i l  and water .  A complete d e s c r i p t i o n  of t h e  equipment can 
be  found i n  two o t h e r  s o u r c e s  (4-5).  

The 

EXPERIMEmAL PROCEDURE 

A sample of Athabasca o i l  s ands  w a s  manually tamped i n t o  t h e  tube .  
removed every 7.5 t o  15.25 c m  t o  de t e rmine  f l u i d  s a t u r a t i o n .  
packed ,  i t  was p laced  i n  t h e  j a c k e t  and brought  up t o  t h e  d e s i r e d  p r e s s u r e .  I n  
o r d e r  t o  g e t  t h e  o i l  t o  flow it vas  necessary  t o  pack samples w i t h  h igh  w a t e r  s a t u r a -  
t i o n  o r  t o  hea t  t h e  combustion tube  t o  about  100°C. 
t u b e  was ob ta ined ,  t h e  a i r  i n j e c t i o n  end was hea ted  t o  about  3OO0C whi l e  f lowing  
n i t r o g e n  through t h e  pack. 
f low was switched t o  a i r  and t h e  f i r s t  zone allowed t o  reach  i t s  peak tempera ture .  
From t h i s  t ime on, a i r  and wa te r  were i n j e c t e d .  During t h e  run  a l l  of t h e  v a r i a b l e s  
p r e v i o u s l y  mentioned were recorded .  The t u b e  was allowed t o  c o o l  a t  t h e  end of t h e  
r u n  and was then depressured .  
s e c t i o n s .  

Samples were 
A f t e r  t h e  tube  was 

A f t e r  conmunication t t ,rough t h e  

When t h e  i g n i t i o n  t empera tu re  was l eached ,  t h e  n i t r o g e n  

The t u b e  was removed and unpack(,d i n  7.5 t o  15 .25  cm 
Each sample removed was ana lyzed  f o r  f l u i d  s a t u r a t i : n  and coke con ten t .  

GAS ANALYSIS 

'The produced gas was ana lyzed  on a Hcwlett-Packard 5830 t h r e e  rolumn, d u a l  TC, PID 
d e t e c t o r  gas chromatograph. The gas was ana lyzed  f o r  t he  fol1:wing components: 
oxygen, n i t rogen ,  carbon monoxide, carbon d i o x i d e ,  hydrogen, methane, e t h y l e n e ,  
e t h a n e ,  propylene ,  propane, i so -bu tane ,no rma l  bu tane ,  iso-pent; .ne,  normal pentane ,  
normal  hexane, hydrogen s u l f i d e ,  ca rbony l  sulfide, and s u l f u r  Cioxide.  

OIL ANALYSIS_ 

The produced o i l  and wa te r  samples  were s e p a r a t e d  by h e a t i n g  and h igh  speed c e n t r i -  
fug ing .  
h e a t i n g  t h e  sample inc reased  t h e  d e n s i t y  d i f f e r e n c e  between t h e  o i l  and water .  
t h e  o i l  was sepa ra t ed  from the  w a t e r ,  t h e  fo l lowing  measurements were performed: 
weight  pe rcen t  carbon,  hydrogen, n i t r o g e n  and s u l f u r ;  v i s c o s i t y  and d e n s i t y  of t h e  
o i l ;  weight percent  a s p h a l t e n e s ;  and a vacuum d i s t i l l a t i o n  on t h e  a s p h a l t e n e  f r e e  
o i l .  

The weight pe rcen t  carbon,  hydrogen and n i t r o g e n  were measured u s i n g  a Hewle t t -  
Packard  Model185,  C ,  H ,  N-analyzer.  
measured t h e  concen t r a t ion  of t h e s e  compounds us ing  a thermal  conduct iv igy  d e t e c t o r .  
The weight pe rcen t  s u l f u r  was de te rmined  u s i n g  a Horiba Model SLFA 200 t o t a l  s u l f u r  
a n a l y z e r  which employs x-ray a b s o r p t i o n  t o  measure t h e  s u l f u r  concen t r a t ion ,  

V i s c o s i t y  was measured u s i n g  a Wel ls -Brookf ie ld  microviscometer  which r e l a t e s  s h e a r  
stress t o  t h e  to rque  over  a c o n i c a l  s u r f a c e .  Dens i ty  was measured wi th  a PAAR 
d i g i c a l  dens i ty  meter which de termines  d e n s i t y  by measuring t h e  v a r i a t i o n s  of t h e  
n a t u r a l  frequency of a hollow o s c i l l a t o r  when i i q u i d s  o r  gas  were in t roduced  i n t o  i t .  

The nspha l t ene  con ten t  was de te rmined  by t a k i n g  a proximate ly  10 gms of o i l  sample,  
adding  100 m l  of pentane  and mixing t h e  two a t  20 C. 
were  f i l t e r e d  out  and d r i e d  a t  100 C. The pentane  s o l u b l e  p o r t i o n  was t h e n  
d i s t i l l e d  i n t o  t h r e e  f r a c t i o n s .  
room tempera ture  by r educ ing  t h e  p r e s s u r e  t o  1 . 2  mm of  Hg. 
hea ted  t o  200°C a t  a p r e s s u r e  of 1 .2  mm of Ilg. 
d e f i n e d  a s  t h e  middle o i l  and t h e  r e s i d u e  was de f ined  a s  t h e  heavy o i l .  

Samples were hea ted  t o  8OoC, then  c e n t r i f u g e d  a t  speeds  of up t o  19,500 rpm; 
Once 

The a n a l y z e r  ox id i zed  C ,  H 2 ,  and N and 

g The p r e c i p i t a t e d  a s p h a l t e n e s  

F i r s t ,  t h e  pen tane  and l i g h t  o i l  were removed a t  
The sample was then  

The p o r t i o n  d i s t i l l e d  o f f  w a s  
Since  many 
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of t h e  samples were s m a l l ,  i t  was necessa ry  t o  develop a s p e c i a l  d i s t i l l a t i o n  

used. A cumplete d e s c r i p t i o n  of  t h e  procedure  and equipment is i n  a paper  by 
Hayashi tan i  et a l .  ( 6 ) .  
m i d d l e  o i l  u s ing  t h e  ASTH-DZ887 procedure .  

I n  add i t ion  t o  o i l  samples ob ta ined  from t h e  e f f l u e n t ,  samples were ob ta ined  from 
t h e  i n i t i a l  m a t e r i a l  p l aced  i n  t h e  combustion tube  and from t h e  t u b e  a f t e r  t h e  burn 
w a s  completed. The o i l  was e x t r a c t e d  from t h e  sand us ing  t h e  Dean S t a r k  method ( 7 ) .  
Following t h e  e x t r a c t i o n ,  t o l u e n e  w a s  removed by h e a t i n g  t h e  sample t o  100°C under a 
p r e s s u r e  of 280 mm o f  Hg. The t y p e  Of tests on these  samples depended on t h e  amount 
of sample ob ta ined  from t h e  e x t r a c t i o n .  

i n  which t o  do t h e  d i s t i l l a t i o n s .  F igu re  2 i s  a photograph of t h e  dev ice  

A s i m u l a t e d  d i s t i l l a t i o n  cu rve  was then  ob ta ined  on t h e  

MATER ANALYSIS -- 
The water  s e p a r a t e d  from t h e  produced o i l  was f i l t e r e d  us ing  20 micron f i l t e r  paper 
t o  remove most of t h e  suspended s o l i d s .  The fo l lowing  tests w e r e  t h e n  performed: 
pH; t o t a l  o rgan ic  ca rbon ;  po tass ium,  ca lc ium,  sodium, magnesium, bar ium,  i r o n ,  
s u l f a t e ,  c h l o r i d e ,  ca rbona te  and b i c a r b o n a t e  concent r . i t ions .  

The pH v a s  determined u s i n g  a Brinkmann Model 104 m e t p r .  T o t a l  o r g a n i c  carbon was 
determined us ing  a Beckmann Nodel 915A t o t a l  o r g a n i c  -arbon a n a l y z e r .  
t h e  ins t rument  i n v o l v e s  i n j e c t i o n  o f  aqueous samples i n t o  two d i f f e r e n t  combustion 
t u b e s  us ing  a i r  as t h e  c a r r i e r  gas .  In t h e  t o t a l  car:on channe l ,  a h igh  tempera ture  
(95OOC) fu rnace  h e a t s  a combustion t u b e  packed wi th  a c o b a l t  oxide-impregnated 
a s b e s t o s  f i b e r .  The oxygen i n  t h e  carrier,  t h e  e1eva:ed t empera tu re ,  and t h e  ca ta -  
l y t i c  e f f e c t  of t h e  packing  r e s u l t  i n  o x i d a t i o n  of boch o rgan ic  and i n o r g a n i c  
carbonaceous m a t e r i a l  to CO and steam. 

I n  t h e  ino rgan ic  carbon channe l ,  a low tempera ture  (150OC) fu rnace  h e a t s  a combus- 
t i o n  tube c o n t a i n i n g  q u a r t z  c h i p s  we t t ed  wi th  85% phozphor ic  a c i d .  The a c i d  
l i b e r a t e s  CO and steam from i n o r g a n i c  ca rbona te s .  Opera t ion  tempera ture  i s  
s u f  f ic ien t ly’h igh  f o r  t h e  d e s i r e d  r e a c t i o n ,  but i s  s u b s t a n t i a l l y  below t h a t  
r e q u i r e d  t o  o x i d i z e  o r g a n i c  m a t t e r .  

The e f f l u e n t  from each  combust ion  t u b e  passes  through t h e  a s s o c i a t e d  condenser  f o r  
removal of condensed steam, and f lows  t o  t h e  Sample Select Valve. Th i s  va lve  
d i r e c t s  t he  e f f l u e n t  from a s e l e c t e d  channel  through a f i l t e r  t o  t h e  Model 215A 
I n f r a r e d  Analyzer.  Here t h e  CO formed dur ing  passage  of t he  sample through t h e  
combustion tube  r e g i s t e r s  a t r z n s i e n t  peak on t h e  meter and t h e  r e c o r d e r  c h a r t .  

The me ta l  i o n s  c o n c e n t r a t i o n  w a s  measured us ing  a Pe rk in  E l m e r  model 303 a tomic  
abso rp t ion  spec t ropho tomete r ,  which i s  equipped t o  do bo th  f lame and f l ame les s  
a n a l y s i s .  

S u l f a t e s  were measured w i t h  a s t a n d a r d  t u r b i d i m e t r i c  method. 
determined wi th  a Bausch and Lomb S p e c t r o n i c  710. Ch lo r ide ,  ca rbona te ,  and b i ca r -  
bona te  concen t r a t ions  were de termined  by t i t r a t i o n .  A s i l v e r  n i t r a t e  t i t r a t i o n  
u s i n g  a n  Orion s o l i d  s tate c h l o r i d e  s p e c i f i c  i o n  e l e c t r o d e  was used  f o r  ch lo r ides .  
The amounts of ca rbona te s  and b i c a r b o n a t e s  were ob ta ined  by t i t r a t i n g  0.02 N, H2S04 
t o  a pH end p o i n t  of between 4.2 t o  4.5. 

Opera t ion  of 

2 

The c o n c e n t r a t i o n  was 

DISCUSSION OF RESULTS 

T h i s  paper p r e s e n t s  t h e  r e su l t s  o f  two combustion tube  exper iments .  
t es t  r e f e r r e d  t o  as Run 1, 1.14 me te r s  of t h e  1.83 meter t ube  were burned ,  and then 
t h e  tube  was cooled .  The m a t e r i a l  w a s  then  removed and t h e  o i l  e x t r a c t e d  us ing  the  
Dean S t a r k  method. I n  t h e  second run  (Run 2) t h e  tube  w a s  comple te ly  burned through, 

In t h e  f i r s t  
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and t h e  a n a l y s i s  of t h e  e f f l u e n t  was r epor t ed .  Tables  1 and 2 p r e s e n t  t h e  proper- 
t i es  of t h e  m a t e r i a l  i n  t h e  conbus t ion  tube  f o r  t h e s e  t w o  runs .  Tab le  3 p r e s e n t s  
t h e  average  p r o p e r t i e s  and run  cond i t ions .  
t e s t  i n  t h e  supe r  w e t  r eg ion .  
would b e  s u f f i c i e n t  o i l  ahead of  t h e  f i r e - f r o n t  f o r  t h e  a n a l y s i s .  Run 2 con ta ined  
a lower concen t r a t ion  f o r  ease of o p e r a t i o n s  w i t h  wet combustion. Tables  4 and 5 
p r e s e n t  t h e  o i l  a n a l y s i s  d a t a  from t h e  two runs .  Table  6 and 7 p r e s e n t  t h e  simu- 
l a t e d  d i s t i l l a t i o n  d a t a  on Runs 1 and 2 .  

In Run 1 t h e  r e s i d u a l  o i l  a n a l y s i s  d a t a  shows a r educ t ion  of t h e  l i g h t  ends ,  an 
i n c r e a s e  i n  t h e  a spha l t ene  con ten t  of t h e  o i l ,  and an i n c r e a s e  i n  coke c o n t e n t  a s  
t h e  f i r e - f r o n t  i s  approached from t h e  product ion  end of  t h e  tube.  When t h e  f i r e  
f l o o d  w a s  s topped  t h e  f r o n t  was 1.14 m a long  t h e  tube.  F i g u r e  3 shows t h e  tempera- 
t u r e  p r o f i l e  a t  t h i s  t ime. The coke c o n t e n t  a t  t h i s  p o i n t  was 1.84 weight pe rcen t .  
A t  t empera tures  above 45OoC t h e  o i l  w a s  a l l  vapor ized .  Coke s t a r t e d  t o  form a t  
tempera tures  i n  t h e  range of 20OoC. Ahead of t h e  f i r e - f r o n t  t h e  amount of  o i l  
g r a d u a l l y  inc reased  t o  a maximum v a l u e  of 10.25 weight p e r c e n t  a t  1.562 m. The 
d a t a  shows t h a t  t h e  oxygen con ten t  of t h e  c r u d e  o i l  i n c r e a s e s  s i g n i f i c a n t l y  i n  
f r o n t  of t h e  f i r e  f r o n t .  Some of t h e  low t empera ture  o x i d a t i o n  r e a c t i o n s  could 
have  occurred  a f t e r  t h e  f i r e  s topped  burn ing .  During t h e  b l e e d  down the  a i r  i n  t h e  
t u b e  was passed  through t h i s  hea ted  o i l .  The d a t a  shows a l l  t h e  o i l  i n  t h e  tube  
had been s i g n i f i c a n t l y  changed from t h e  i n i t i a l  bitumen. The s u l f u r  con ten t  of  o i l  
d i r e c t l y  ahead of t h e  f i r e  f r o n t  was reduced. 

The a n a l y s i s  of t h e  produced o i l  from Run 2 shows t h a t  t h e  p roduc t ion  w a s  g radua l ly  
upgraded. The weight p e r c e n t  a spha l t enes  decreased  from 20.0 t o  5.6 weight pe rcen t .  
The d i s t i l l a b l e  p o r t i o n  i n c r e a s e d  from 8.6 t o  43.7 weigh t  pe rcen t .  The r e s i d u e  
f r a c t i o n  decreased  from 71.4 t o  50.7 weight  pe rcen t .  The H / C  a tomic  r a t i o  i n c r e a s e d  
from 1.54 t o  1.94. The s u l f u r  con ten t  decreased  from 4.62 t o  2.429 weight pe rcen t .  
The v i s c o s i t y  decreased  from 400 t o  5.5 c p  a t  8OoC. 
1.0155 t o  0.9342 gm/cm3 a t  25OC. The s imula t ed  d i s t i l l a t i o n  d a t a  sho?s  t h a t  w h i l e  
t h e  amount of t h e  d i s t i l l a b l e  f r a c t i o n  inc reased  w i t h  t ime,  t h e  amount d i s t i l l a b l e  
a t  any tempera ture  decreased  wi th  t i m e .  

Tab le  8 p r e s e n t s  t h e  wa te r  a n a l y s i s  d a t a .  The pH showed an i n i t i a l  i n c r e a s e  from 
4.63 t o  7 . 0 9 ,  t hen  decreased  t o  a low of 1.15. Sodium decreased  from 690 t o  90 mg/ l .  
Potassium inc reased  from 56 t o  270, then dec reased  t o  20 mg/l. Calcium inc reased  
from 220 t o  340 and then  decreased  t o  26 mg/l b e f o r e  a s l i g h t  i n c r e a s e .  Magnesium 
decreased  from 92 t o  18 mg/l .  
180 and r o s e  t o  290 mg/l a t  t h e  end of  t h e  run. Ch lo r ide  i n c r e a s e d  from about  180 
t o  3,500,  then  decreased  f o r  t h e  remainder of t h e  run. S u l f a t e  c o n c e n t r a t i o n  
appeared t o  i n c r e a s e  s i g n i f i c a n t l y  wi th  a pH below 2. I t  s t a r t e d  ou t  a t  a v a l u e  
of 3 ,720 ,  decreased  t o  230,  and then  i n c r e a s e d  t o  a h igh  of 14,000 mg/l.  The pH of 
t h e  water f o r  most of t h e  r u n  i n d i c a t e d  t h a t  ca rbona te s  and b i ca rbona te s  were n o t  
p re sen t .  We b e l i e v e  t h a t  t h e  low pH v a l u e s  are caused  by S u l f u r  and C02 r e a c t i o n s  
p l u s  t h e  f o r n a t i o n  of some o rgan ic  a c i d s .  S u l f a t e  c o n c e n t r a t i o n  i n c r e a s e s  i n d i c a t e  
t h a t  s u l f u r  i s  r e a c t i n g  t o  form s u l f u r i c  a c i d .  The amount of i n o r g a n i c  carbon 
from the  TOC a n a l y s i s  i n d i c a t e s  t h a t  t h e r e  is a p o s s i b i l i t y  of some ca rbon ic  a c i d  
be ing  p resen t .  

The TOC a n a l y s i s  shows hydrocarbon c o n c e n t r a t i o n s  a s  h i g h  a s  7,200 mg/l. 
made no e f f o r t  t o  i d e n t i f y  t h e  types  of hydrocarbon which a r e  d i s so lved  i n  t h e  
produced w a t e r .  The t o t a l  d i s so lved  s o l i d s  ranged from a low of 0.58 t o  a h igh  of 
3.01 weight  pe rcen t .  

Tab le  9 p r e s e n t s  t h e  ave rage  gas a n a l y s i s  f o r  t h e  two runs. Both of t h e s e  runs  
show t h a t  t h e  only s u l f u r  gas  produced w a s  H 2 S .  
i n j e c t i o n  of wa te r  hydrogen was gene ra t ed .  

Run 1 was dry w h i l e  Run 2 was a w e t  
Run 1 had a h igh  bitumen s a t u r a t i o n  so  t h a t  t h e r e  

The d e n s i t y  decreased  from 

I r o n  inc reased  from 50 t o  1 ,200  then  decreased  t o  

We have 

Th i s  cu rve  fo l lows  t h e  s u l f a t e  cu rve  very  c lose ly .  

Run 2 d a t a  i n d i c a t e  t h a t  w i th  t h e  
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CONCLUSIONS 

From t h e  r e s u l t s  of t h e  a n a l y s i s  o f  t h e  p r o d u c t s  from t h e s e  two r u n s  i t  was concluded 
t h a t  thermal  c r a c k i n g ,  combustion gas r e a c t i o n s ,  and hydrogenat ion  caused t h e  
fo l lowing:  

1. A r e d u c t i o n  i n  t h e  s u l f u r  c o n t e n t  of t h e  produced o i l .  

2. An upgraded o i l  w i t h  a h i g h e r  H/C r a t i o ,  lower d e n s i t y ,  lower  v i s c o s i t y ,  and 
lower a s p h a l t e n e  c o n t e n t .  

3. The s u l f u r  removed from t h e  o i l  is mainly produced as a c i d ,  water, and a s m a l l  
amount of H S. 

The produced w a t e r  c o n t a i n s  up t o  7,200 mg/l  of d i s s o l v e d  o r g a n i c  carbon.  

2 

4. 
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Sample 
No. 

c o a r s e  sand 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
13 

c o a r s e  sand 

TOTAL 

S a n p l e  
NO. 

c o a r s e  sand 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
13 
1 4  
15 
1 6  

c o a r s e  sand 

TOTAL 

Mid P o i n t  
Depth 

cm. 

8 .89  
24.93 
38.58 
51.12 
62.71 
74.22 
86.36 
99.22 

112.72 
126.69 
139.70 
152.88 
167.64 
178.28 
181.85 

Mid P o i n t  
Depth 

Cm. 

8.26 
21.12 
30.64 
40.96 
51.12 
60.17 
79.22 
79.06 
88.43 
98.43 

109.225 
119.38 
129.86 
140.97 
152.08 
164.78 
173.83 
179.23 

TABLE 1 

I n i t i a l  Sand Pack P r o p e r t i e s  
Run 1 

Weight W t .  % 

gms H2° 

3,172.5 6.30 
1,475.0 2.20 
2,078.0 1.54 
1,830.2 2.85 
1 ,619 .1  1.15 
1,936.0 2.20 
1,893.0 1.11 
2,110.9 2.90 
1 ,927 .3  1.04 
1 ,859 .1  1.18 
1,760.6 1.57 
1,922.8 2.83 
2,241.2 2.17 

831.0 0.98 
438.6 6.30 

W t .  % 
Bitumen 

0.0 
13.43 
12.44 
12.86 
12.46 
12.66 
13.11 
11.98 
11.96 
12.86 
12.70 
11.91 
12.17 
12.96 

0.00  

Run 2 

Weight W t .  % 

gms * H2° 

2,492 11.0 
1 ,553  8.0 
1,504.5 9 .8  
1 ,611  8.7 
1 ,514  11.7 
1,550 1 0 . 3  
1 ,539  9.8 
1,542 8.9 

1 ,553  10.6 

1 , 4 9 3  9.6 

1 ,516  10.0 

1 ,543  9.7 

1,538 9.5 
1 ,518  9.4 
1,554 9.0 
2,054 10.0 

498 10.0 
1 ,425  4 .0  

TABLE 2 

I r i t i a l  Sand Pack P r o p e r t i e s  

W t .  % 
Bitumen 

0.0 
6.5 
7.0 
6.9 
6.2 
6.7 
6.5 
6 .5  
6.9 
7.3 
8.5 
6 . 1  
6.6 
6 .6  
5 .5  
6.9 
6.9 
0.0 
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W t .  

g m  * 

200.0 
32.5 
32.0 
52.2 
18.6 
42.6 
21.0 
61.2 
20.0 
21.9 
27.6 
54.4 
48.6 
8.1 

27.6 

668.3 

H2° 

__ 

W t .  

g m s  . 
274.1 
136.7 
147.4 
140.2 
177.1 
159.7 
150.8 
137.2 
151.6 
164.6 
149.7 
143.3 
146.1 
142.7 
139.9 
205.4 

49.8 
57.0 

2,673.3 

2O 

W t .  
Bitumen 

gm. 

0.0 
1 9 8 . 1  
258.5 
235.3 
201.7 
245.1 
248.2 
252.9 
230.5 
239.1 
223.6 
229.0 
272.8 
107.7 

0.0 

2,743.0 

W t  . 
B i  t m e n  

gms . 
0.0 

100.9 
105.3 
111.2 

93.9 
103.9 
100.0 
100.2 
104.6 
113.4 
131.2 

91.1 
101.5 
100 .2  

85.5 
141.7 

34.4 
0.0 

1,619.0 



TABLE 3 

Average P r o p e r t i e s  and Run Condi t ions  

Weight of coa r se  sand - gms. 
Weight of w a t e r  i n  c o a r s e  sand  - gms. 
Weight of o i l  sands - gms. 
Weight of bitumen i n  o i l  s ands  - 5 s .  
Weight of w a t e r  i n  o i l  s a n d s  - gms. 
Weight pe rcen t  bitumen i n  o i l  s ands  - % 
Weight percent  water i n  o i l  sands  - % 
P o r o s i t y  - % 
Water S a t u r a t i o n  - % 
Bitumen S a t u r a t i o n  - % 
Run P r e s s u r e  - K Pa  
A i r  Flux - m3/m2-sec 
Water air r a t i o  m3/m3 

I n i t i a l  P r o p e r t i e s  of Bitumen: 
Dens i ty  a t  25OC gm/cm3 
Viscos i ty  a t  85Oc cp  
Weight percent  C. rbon 
Weight percent  H: drogen 
Weight percent  S1 , l fur  
Weight pe rcen t  Ni t rogen  
Weight percent  0,ygen by D i f f e r e n c e  
Weight percent  Asphal tenes  
Weight percent  D i s t i l l e d  
Weight pe rcen t  Residue 

S imula ted  D i s t i l l a t i o n  of D i s t i l l e d  F r a c t i o n  

Temperature OC 

203 
232 
245 
277 
300 
323 
345 
368 
3 9 1  
414 

Run 1 

3 , 6 1 1 . 1  
227.6 

23,484.2 
2 ,743.0  

668.3 
11 .68  

2 .85  
39.23 
11 .7  
48 .0  

5,860 
5.95 10-3 

Dry 

1.0135 
400.00 

8 2 . 9 1  
10 .66  

4.62 
0.57 
1 . 2 4  

20.0 
8.6 

71 .4  

Run 2 

3,917 
3 3 1 . 1  

24,080.5 
1 , 6 1 9 . 0  
2 ,673.3  

6.7 
11.1 
39.22 
5 2 . 6  
28.3 

5 , 8 6 0  
9 .36  10-3 
3.37 10-3 

1.0135 
4,000 

8 2 . 9 1  
10 .66  

4.62 
0.57 
1 . 2 4  

20.0 
8 . 6  

71 .4  

Percen t  D i s t i l l e d  

0.22  
1 . 5 4  
5.33 

1 6 . 5 1  
41.95 
69 .46  
84.57 
92 .61  
97 .41  

100.00 

0.22  
1 . 5 4  
5.33 

1 6 . 5 1  
41.95 
69.46 
84.57 
9 2 . 6 1  
97 .41  
100.00 
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lo 

1.791 0.0 4.87 7.91 
1.115 0.0 7.00 9.37 
1.638 0.0 5.99 9.05 
1.562 2.43 2.W 10.25 
1.486 5.90 0.69 5.42 
1.410 3.60 0.69 6.85 
1.334 4.12 0.57 4.01 
1.238 4.00 0.4 
1.137 1.84 
LO54 1.03 

neasured frm a i r  injecf-on 

I 

82.90 
83.66 
83.32 
78.9 
71.9 
77.3 
82.0 

end 

1- 
h. 

5.50 
6.00 
6.50 
7.25 
8.00 
8.25 
8.50 
9.08 
9.58 

10.08 
10.50 
10.92 
11.58 
12.00 
12.25 
12.95 
13.45 
13.95 
14.47 
14.85 
15.47 
15.92 
16.50 
17.20 
17.47 

Densirg 
g / d ( 2 5  C) 

0.9543 
0.9754 
0.9831 
0.9825 
0.9858 
0.9689 
0.9566 
0.9560 
0.9564 
0.9571 
0.9546 
0.9511 
0.9494 
0.9464 
0.9462 
0.9422 
0.9402 
0.9340 
0.9396 
0.9342 
INSUFP. 
S Y L E S  

v i s c ~ i f ,  
cp* (80% 

39.6 
47.2 

133.6 
98.6 

112.6 
60.95 
14 .8  
19.0 
15.3 
17.9 
16.7 

12.3 

12.0 

8.2 

8.6 
5.7 
5.9 
5.5 

11.5 0.4 4.144 16.2 17.2 66.6 0.9843 136 
11.3 < 0.3 3.725 18.2 17.3 64.5 0.9915 140 
11.6 0 . 5  3.481 21.6 17.8 60.6 1.0064 155 
10.7 ~ 0 . 3  2.921 27.6 16.1 57.3 1.0610 195 

10.3 <0.3 2.227 35.6 5.6 58.8 1.0894 332 
11.0 < 0.3 2.597 1.0339 431 

9.6 c 0 . 3  1.872 41.8 2.9 55.3 1.1102 278 

Ut-% 
C 

82.94 
82.51 
82.20 

82.06 

82.92 

82.60 

82.99 

82.60 
82.11 

yt-I 
€I 

11.6 
12.1 
12.1 

12.3 

12.2 

13.0 

12.5 

13 .3  
13.4 

ut-I 
N 

0 . 3  
0.3 
0.3 

0 .5  

0.3 

0.3 

0.3 

0.3 
0.3 

Ut-% 
S 

4.052 
3.966 
4.253 
4.078 
1NS.S. 
4.039 
3.426 
3.432 
3.213 
3.359 
3.257 
2.991 
2.967 
3.081 
3.010 
2.718 
2.664 
2.462 
2.774 
2.429 
1Ns.s. 

1.02 
1.10 
7.48 

16.63 
10.17 

4.40 

Ut-% 
Amphalteae 

14.8 

16 .7  

15.1 
11.7 
10.9 

9 .4  

9 . 1  

8 . 1  

5 .6  

ut-x 
Disr i l l ed  

17.2 

13.8 

17.0 
17 .3  
26.9 

33.4 

31.2 

27.3 

43.7 

u t 4  
Residue 

68.0 

69.5 

67.9 
71.0 
62.2 

57.2 

59.7 

64.6 

50.7 
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TABLE 6 

S i m u l a t e d  D i s t i l l a t i o n  Da ta  
P e r c e n t  D i s t i l l e d  

Run 1 

Temp. 
O C  

203 
232  
245  
277 
305 
323 
34 5 
368 
391  
414  

P o s i t i o n  i n  Tube * (m) 
1 . 7 9 1  1 . 7 1 5  1 .638  1 . 5 6 2  1 . 4 8 6  1 . 4 1 0  

1 . 9 9  
11 .67  
29.36 
53.48 
7 5 . 0 1  

' 8 9 . 4 1  
96.16 
99 .06  

100.00 
100.00 

1 . 1 7  
8 . 9 5  

25.47 
5 0 . 7 3  
7 4 . 3 9  
89 .59  
96 .40  
9 9 . 1 5  

100.00 
100.00 

0 .92  
6.77 

21 .49  
44 .70  
68 .41  
86 .12  
95.33 
99.16 

100.00 
100.00 

*Pleasured from a i r  i n j  . c t i o n  end. 

TABLE 7 

Simula t ed  D i s t i l l a t i o n  Data 
P e r c e n t  D i s t i l l e d  

Run 2 

Temp. 
OC 

203 
232 
245 
277 
300 
323 
34 5 
368 
3 9 1  
414 

0 . 4 4  0.40 
3.46 5 . 7 4  

1 3 . 3 4  20 .58  
32.97 42.95 
5 9 . 6 1  6 8 . 3 5  
82 .54  8 6 . 6 1  
94.34 95 .09  
98.87 98 .77  

100.00 100.00 
100.00 100.00 

0 .72  
4.67 

15 .95  
37.04 
61.97 
81.77 
93.05 
98.25 

100.00 
100.00 

P r o d u c t i o n  T i m e  (Hours) 
6 .0  7.25 8 .0  8.5 9 . 0 8  10 .92  1 2 . 0  1 2 . 9 5  13.24 
-~ 

4 .74  
18 .56  
13.67 
63 .36  
81 .47  
92.16 
97.13 
99 .26  

100.00 
100 .00  

3.17 
1 5 . 6 6  
38 .06  
67.47 
86 .67  
95.15 
98.22 
99.82 

100.00 
100.00 

2 .75  
1 4 . 2 4  
34.26 
59 .19  
7 8 . 6 2  
90 .81  
96 .80  
99 .20  

100.00 
100.00 

3 .48  
1 4 . 9 0  
33.47 
58.00 
79.97 
92 .41  
97.47 
99.37 

100.00 
100.00 

1 . 0 5  1 . 1 3  
9 .03  8 . 3 3  

25 .38  22 .84  
4 9 . 5 6  44.69 
73.47 68 .98  
89 .07  86.95 
96 .34  95.89 
9 9 . 0 5  99.24 
100.00 100.00 
100.00 100.00 

0 . 7 9  
6 . 5 9  

20.06 
41.74 
66 .48  
85.  50 
95 .27  
98 .89  

100 .00  
100.00 

0 . 3 2  
5 . 5 5  

1 9 . 0 1  
41.42 
65.93 
84.47 
94.57 
98.52 

100 .00  
100.00 

0.38 
4.09 

14.01 
30.68 
54.68 
79.08 
93.53 
98.19 

100.00 
100.00 
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Nit rogen  
Oxygen 
Carbon Dioxide  
Carbon Monoxide 
Methane 
Ethane 
Ethylene  
Propane 
Propylene  

Hydrogen S u l f i d e  
Hyrlrogen 

C 4+ 

TABLE 9 

Gas A n a l y s i s  

Run 1 
Mole-% 

86.5 
0.0 

10.60 
1.93 
0.62 
0.05 
0.05 
0.02 
0.01 
0.20 
0.02 
0.00 
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Run 2 
Mole-% 

87.06 
0.08 
11.47 

1.34 
0.02 
0.00 
0.00 
0.00 
0.00 
0.00 
0.01 
0.02 



L 

x Z 

c-- ----- ---I 
I 

m 

L 
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Distillation Apparatus 
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The Chemistry of the Alberta Oil Sand Bitumen 

O.P. Strausz 

Hydrocarbon Research Center, Department of Chemistry 
University of Alberta, Edmonton, Alberta, Canada 

T6G 2GZ 

Bitumen chemistry is a complex field and poses a considerable challenge to 
the chemist. Bitumens are known to be comprised of an exceedingly large number 
of organic molecules which, in the case of the Alberta oil sand bitumen (AOSB), 
range from the simplest organic molecule, methane, to large polymeric molecules 
having molecular weights in excess of 15,000. In the AOSB hundreds of organic 
molecules representing paraffinic, olefinic, aromatic and heterocyclic structures 
with various functional groups have been identified. Most of these molecules are 
neutral but some have acidic or basic functions and are capable of salt formation. 
Others, by virtue of their skeletal or functional reactivity, may form n-bonded, 
hydrogen bonded or charge transfer complexes. 
molecules are stable, some are relatively unstable and can undergo thermal 
decomposition even well below room temperature. 
in recent studies that slow thermal processes are taking place in some of the 
major Alberta oil sand formations. These reactions are accelerated by the 
catalytic effect of the mineral matter present in the bitumen. 

While most of the constituent 

Indeed, it has been demonstrated 

What distinguishes bitumen from conventional petroleum is the small 
concentration of low molecular weight hydrocarbons present and the abundance of 
high molecular weight polymeric materials. The latter are amorphous solids which 
are dissolved in colloidal form in the lower molecular weight liquid constituents, 
endowing the bitumen with a viscous, syrupy consistency. The high molecular 
weight solids are soluble in liquid aromatics such as benzene or toluene and 
insoluble in low molecular weight paraffins and therefore can be separated from 
the bitumen by n-pentane precipitation from a benzene solution of the bitumen. 
The solid precipitated this way is called asphaltene. It is evident that such 
an operational definition of the asphaltene based entirely on solubility may 
group together a large number of structurally unrelated molecules. Current 
studies provide clear evidence that the polymeric framework of the asphaltene 
molecules derived from various sources may be quite different. 

Most asphaltenes are rich in heteroatoms, oxygen, nitrogen and especially 
sulfur. The asphaltene content of the AOSB is in the 16-25% range and the 
asphaltene contains -8O%C; 8.O%H; 8-9%S, 2.5%0;  and l.O%N. 

The main difficulty associated with underground recovery of the AOSB is the 
consequence of the extremely high viscosity of the bitumen for which the asphalt- 
ene is mainly responsible. Therefore, in order to develop a rational approach 
to the conceptual understanding and practical resolution of the problem one must 
start with the study of asphaltene itself. The molecular structure of this 
material has not yet been fully understood and is still the subject of some 
conjecture. Apart from its pertinence to in situ recovery technology, knowledge 
of the molecular structure of asphaltene is the key to its possible future 
commercial utilization, to the elucidation of its origin and diagenetic history, 
and may conceivably shed some light on the history of the bitumen formations. 

The chemical composition of the deasphaltened bitumen, the maltene, is 
also of interest from both a practical and conceptual point of view. This 
fraction represents the bulk of the bitumen and is one of the major factors 
which determine the commercial value of the separated bitumen. Detailed 
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knowledge of  t h e  chemical composition of t h i s  f r a c t i o n  i n  conjunction with 
geological  and microbiological  d a t a  w i l l  u l t i m a t e l y  l e a d  t o  t h e  unrave l l ing  o f  
t h e  mystery of t h e  source and o r i g i n  of t h e  bitumen formations of Alberta ,  t h e  
r e l a t i o n  between t h e  var ious  major o i l  sand depos i t s  and t h e i r  i n t e r r e l a t i o n  
with conventional o i l  accumulations of t h e  region. 

The Thermal Maturation Process. 

The r e a l i z a t i o n  t h a t  a s l o w ,  thermal maturat ion i s  present ly  occurr ing i n  
t h e  bitumen formations of  Northern Alberta  was t h e  u l t imate  conclusion of a 
recent  k i n e t i c  s tudy o f  t h e  l o w  temperature thermal behaviour of t h e  o i l  sand[l-4)  

The o i l  sand i n  i t s  n a t u r a l  s t a t e  was shown t o  conta in  small  q u a n t i t i e s  of 
v o l a t i l e  hydrocarbons, methane, propane, propylene and, cur ious ly ,  neopentane, 
together  with some acetaldehyde.  The l a t t e r  molecule is too  r e a c t i v e  t o  survive 
long per iods of  t i m e  i n  t h e  o i l  sand and must have been formed r e l a t i v e l y  
recent ly .  Heating of  t h e  o i l  sand under c o n t r o l l e d  condi t ions  r e s u l t e d  i n  t h e  
production of  a d d i t i o n a l  amounts o f  t h e  v o l a t i l e s  present  o r i g i n a l l y  i n  t h e  sand 
and also some new products .  The amounts o f  gases  i n  ques t ion  a r e  small, i n  t h e  
ppb-ppm range, nonetheless  t h e y  can be measured with reasonable  accuracy. Thus, 
measurements of gas  evolu t ion  a t  moderately high temperatures  provided a key t o  
t h e  de tec t ion  and monitor ing of chemical changes which take  place i n  t h e  o i l  
sand. I n  t h e  course o f  t h e  measurements it was found t h a t  t h e  r a t e  o f  evolut ion 
of gases ,  hydrocarbons, acetaldehyde,  C02, CO, H2S. COS, CSz, S02, e t c . ,  obeyed 
Arrhenius' law which made it p o s s i b l e  t o  determine t h e  a c t i v a t i o n  energy and 
preexponential f a c t o r  f o r  t h e  product ion o f  each gas .  The a c t i v a t i o n  energies  
were a l l  l o w ,  5-23 kcal/mole, and t h e  preexponent ia l  f a c t o r s  high. From these 
Arrhenius parameters it was then p o s s i b l e  t o  determine t h e  r a t e  cons tan t  for  t h e  
evolut ion of  each gas  i n  t h e  formation a t  t h e  formation temperature, 5°C. This 
i n  turn  made it poss ib le  to  e s t i m a t e  t h e  t ime i n t e r v a l  requi red  f o r  t h e  accum- 
u la t ion  of t h e  q u a n t i t y  of gases  present .  The r e s u l t s  i n d i c a t e  t ime per iods 
from s e v e r a l  days t o  s e v e r a l  months and t h e r e f o r e  we a r e  forced t o  conclude t h a t  
a slow thermal maturat ion i s , t a k i n g  p lace  p r e s e n t l y  i n  t h e  Athabasca o i l  sand 
formation and t h e  measured concent ra t ion  o f  gases  represent  a s teady s t a t e  
d i s t r i b u t i o n  governed by t h e  r a t e  o f  formation and r a t e  of loss by chemical 
reac t ions  and/or d i f fus ion .  
t h e  thermal processes  appears  t o  be  n e g l i g i b l e .  

The r o l e  o f  microbia l  degradat ion a s  compared t o  

The t o t a l  amount of  g a s e s  re leased  is  small and even a t  210'C comprises 
only a few t e n t h s  o f  one percent  of t h e  bitumen. But because t h e  v o l a t i l i z e d  
fragmentrepresents a r e l a t i v e l y  small propor t ion  o f  t h e  molecules a f f e c t e d  by 
t h e  decomposition, t h e  f r a c t i o n a l  amount o f  bitumen still  capable of undergoing 
maturation would be much h igher ,  probably i n  t h e  order  of severa l  percent .  

Similar  s t u d i e s  on t h e  separa ted  bitumen, asphal tene  and maltene, have 
indicated t h a t  t h e  mineral mat te r  present  i n  t h e  o i l  sands a c t s  a s  a c a t a l y s t  
f o r  decomposition and t h a t  maltene and asphal tene behave i n  a s i m i l a r  manner but  
t h e  a c t i v a t i o n  energ ies  a s s o c i a t e d  with t h e i r  decomposition a r e  s i g n i f i c a n t l y  
higher than those of  t h e  whole o i l  sand. For a b e t t e r  understanding of t h i s  
maturation process  it w i l l  be necessary to extend t h e s e  s t u d i e s  t o  a l l  major 
o i l  sand depos i t s ,  examine t h e  r e l a t i o n  between r e a c t i v i t y  and depth,  i d e n t i f y  
r e a c t i v e  precursors  such a s  t h o s e  o f  neopentane and acetaldehyde and t o  improve 
t h e  reproducib i l i ty  and accuracy of  t h e  experimental techniques employed. 

A t  p resent  v i r t u a l l y  no information e x j s t s  on t h e  magnitude o r  composition 
of the  gas  accumulations i n  t h e  o i l  sand although t h i s  would be extremely 
j.mportant i n  order  to understand what i s  t r a n s p i r i n g  i n  t h e  formations. 
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The results of current similar studies on the Cold Lake formation 
indicate an analogous thermal behaviour for the bitumen. 
volatile hydrocarbons produced in the formations are difficult to estimate, but 
may be in the range of 105-106 tons annually. 
edly escape into the atmosphere and influence the air quality of the region. 

The total amounts of 

A fraction of this would undoubt- 

The Chemical Composition of the Maltene. 

The composition of maltene, the deasphaltened bitumen, has been investi- 
gated by the API-60 procedure, a somewhat simplified version thereof and also 
by microanalytical procedures developed in organic geochemical studies [5-71. 

The elemental compositions of Peace River, Wabasca, Athabasca and 
Cold Lake bitumens are given in Table I, and Table I1 gives their gross 
composition according to classes. 

TABLE I 

Overall Composition of Alberta Oil Sand Bitumens [5-71 

n 
% 

C N O S  n/c mw Fraction Source* 

Whole Bitumen A 
P 
C 
W 

Asphaltenes A 
P 
C 
W 

Deasphaltened Oil A 
P 
C 
W 

83.98 
81.68 
83.93 
82.44 

81.31 
79.87 
80.54 
80.46 

84.38 
82.89 
84.19 
82.99 

10.22 
9.98 
10.46 
10.32 

7.88 
8.15 
7.39 
8.20 

10.63 
10.61 
11.01 
10.74 

0.65 1.97 4.57 1.46 
0.14 2.08 5.60 1.46 
0.23 0.94 4.70 1.49 
0.42 0.82 5.51 1.49 

1.06 2.79 7.53 1.16 
0.78 2.08 8.82 1.21 
1.15 1.78 6.51 1.10. 
0.99 1.16 8.40 1.21 

0.07 0.87 3.91 1.51 
0.08 1.27 5.41 1.53 
0.27 0.61 3.89 ,1.54 
0.28 1.04 5.25 1.54 

620 
520 
490 
600 

5,920 
3,500 
8,140 
5,760 

435 
440 
430 
530 

* 
A=Athabasca, P=Peace River, C=Cold Lake, W=Wabasco bitumen. 

TABLG I1 

Gross Composition of Alberta Oil Sand Bitumens [5-71 
% of whole bitumen* 

Cold Lake Athabasca Peace River Wabasca 

Asphaltenes 15.3 16.9 19.8 18.6 
Deasphalted oil 84 83.1 80.0 81.2 

Acids 15.2 13.69 12.0 10.3 
Bases 6.38 6.5 6.8 6.38 
neutral N-compounds 1.15 1.35 1.41 2.67 

Saturates 21.3 18.3 15.15 14.60 
Monoaromatics 8.3 8.1 8.57 7.61 
Diaromatics 3.6 3.8 
Polyaromatics+ non-defined 
polar compounds 24.35 23.8 
Thio heno-aromatics from mono- 
and !&aromatic fractions 0.8 0.88 
* .  
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As indicated by these data and the results of computerized gc-ms multiple 
ion cross scans 181 and matrix analyses, the bulk and fingerprint composition of 
these bitumens are quite similar and the minor differences which appear seem to 
signify some subtle trends in diagenetic history. 

The similarity in chemical composition points to a common origin for the 
four major oil sand deposits. The distribution pattern of steranes (c26, 5%; 
C27, 44%; c28, 33%; C29, 17%; C30, 1%) is reminiscent of the ratio obtained 
from the reduction of marine sterol mixtures and therefore suggests a marine 
origin. 
microbiologically degraded residue. 
showed that the end product of the microbiological degradation of a conventional 
oil is a bitumen-like material, low in paraffins and small ring, less alkylated 
aromatics and rich in plycondensed polyalkylated aromatics and polar materials, 
including asphaltene. 

From microbiological model studies it can be concluded that AOSB is a 
Microbiological simulation experiments 

The Peace River and Athabasca bitumens seem to represent the end product 
of biodegradation. The Cold Lake bitumen contains slightly more paraffins, 
including small amounts of n-alkanes, and less asphaltene, and the Lloydminster 
heavy crude which is the least biodegraded material contains more paraffins and 
even less asphaltene. 

The n-paraffins of the Cold Lake bitumen range from C13 to C33 with a 
maximum at C1g and a carbon preference index of 1.0. 
contains both pristane and phytane along with lower and higher mw homologues of 
the series. 

The isoprenoid fraction 

The gc-ms fingerprint spectra of the hopane series in all the oil sand 
bitumens showed the presence of the 17CL(H), 218 isomer of C27, c29-c35 hopanes 
with a maximum at C30- 
equal quantities. Living organisms synthesize the 178(H), 218 isomer and the 
high conversion to the 17a(H), 218 isomer is indicative of some geothermal 
history of the oil sand, although the role of the mineral matter as a catalyst 
for the isomerization cannot be readily assessed. 

Both C22 diastereoisomers were present in approximately 

Steranes and hopanes comprise only a small fraction of the saturates, the 
bulk of which still has not been identified. The compositions of the other 
separated fractions, the acids, bases, neutral nitrogen compounds, olefins, 
mono, di and polycycloaromatics, etc., are not well established either at 
present, although recent gc-ms multiple cross scan and matrix analyses have 
yielded valuable estimates. 

As was pointed out above, the combined microbiological simulation and 
chemical analytical studies leave little doubt as to the severity of microbial 
degradation which the o i l  sand bitumen has suffered, nonetheless the question 
of whether the oil sand bitumen is a prihary degraded kerogen without a 
significant thermal history, similar in character to the precursors of 
conventional oils, or whether it is the microbiological end product of a 
conventional oil has not been settled unambiguously. 

The chemistry of Bitumen Asphaltene. 

The asphaltene fraction of the Athabasca bitumen has recently been 
subjected to detailed chemical studies for the elucidation of its molecular 
structure 191. 
the polymeric framework of the asphaltene molecule. 
that in the Athabasca asphaltene the sulfur is present largely in the form Of 
sulfides holding together dicycloaromatic carbon units of average molecular 
formula 

Here the essential question was to establish, the role of sulfur in 
It was possible to show 
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Two of these molecules are joined together by hydrogen bonding. In reality, 
asphaltene is a complex mixture of molecules with a broad distribution of 
molecular weight and with significant deviations in the structures of monomeric 
units from the average dicycloaromatic unit above. 

Esr studies of the Athabasca asphaltene showed the presence of paramagnetic 
species, approximately one free spin per 80-90 molecules and most of the molecules 
carrying free spin appear to carry more than one [lo-121. 
is thought to be associated with polycycloaromatic doublet radicals and singlet and 
triplet state diradicals. The relative distribution of these radicals can be 
influenced by temperature, the addition of paramagnetic gases such as 02 and NO, 
and by other means. The effects are reversible. Since the minimum degree of 
condensation required in a cycloaromatic system for the formation of stable free 
radicals is about six, it seems that at least 1.1% of the asphaltene molecules 
contain at least one hexacycloaromatic sheet. 

The resonance at g=2.0036 

After completion of the initial phase of these studies on the molecular 
structure of the Athabasca asphaltene, current research has been extended in 
three directions: 

a) It appeared to be desirable to compare the elemental composition, mw 
and the number of sulfide linkages in the polymeric framework of various 
asphaltenes from different sources. The results suggest that Athabasca asphaltene 
contains the highest percentage of bridged sulfur, as will be shown in a separate 
article 113,141. 

b) More precise information on the chemical nature of the monomeric units 
liberated in the reductive cleavage of the sulfur-carbon bonds or in the mild 
thermolysis of the asphaltene will be'obtained using a combination of hplc, gel 
permeation chromatography and organic geochemical microanalytical techniques. 

c) Taking the synthetic approach, the feasibility of making 5sphaltene-like 
materials from simple or complex organic base materials by treatment with sulfur 
has been explored. 
materials with molecular weights approaching those of natural asphaltene in which 
the carbon monomeric units are joined together with sulfide linkages. Details of 
these studies will be given in another article 1151. 

In this way it was possible to prepare asphaltene-like 
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?he mast abundant form of organic c a b n  on Earth is kerogen. It is mmmnly 
defined as the residual organic m a t e r i a l  remaining after minerals have been m v e d  
fm a sample of shale o r  sedinwtwith hydrochloric and h y d m f h r i c  acids, after 
hunk m a t e r i a l  has been rermved w i t h  base, and af te r  the soluble organic material 
has been rermved by exhaustive extraction with organic solvents. It has been esti-  
ma d that there are 1.3 x 1 0 l 8  tons of kerogen on the Earth canpared w i t h  1.5 x 
10’ tons of coal (1). Kerogen is generally found i n  sedjm=ntmy rocks in the form 
of o i l  shales. lhe best ham,  and mst widely studied shale, the Green River o i l  
shale, has been estimated to contain 8,000 bil l ion barrels of o i l  currently i n  the 
form Of kercgen (2) .  
about the origin, structure, o r  mthd of fomation of any type of kerogen. 
has classified kerogens into three general categories, i.e., 
derived f m  higher plant material and generally amnutic i n  structure; b) algal- 
type kerogens derived f m  algae and generally aliphatic in structure; and c) kem- 
gens which are intemdiate between these two and are a mixture of algal- and h m i c  
type mterials ( 3 ) .  

W y  attenpts have been made to obtain structural infomation on kerogens using 
various chemical. degradation techniques. mese have included chrmic acid and alka- 
l ine potassium permanganate oxidation, saponification with mthanolic potassim hy- 
dmxide, reduction w i t h  l i t h i u m  aluminum hydride, hydmgen b-de treamsnt and ozo- 
nolysis (4). Another widely-used technique in th is  type of study is pyrolysis. HOP 
ever, the mjo r  problens associated with all of these studies include: 
of reactivity of kerogen with mst reagents due to the fac t  that the degradation re- 
actions are generally heterogeneous; 
s m  of these reagents; and c) the fac t  that s a  prcducts are seoondaxy degrada- 
tion prcducts. 
not very structurally specific and only gives general in fomt ion  on whether a kero- 
gen is aliphatic o r  anmMtic in nature. 

To say that there is one m n  solution to all of these problens is  very mis- 
leading. Iimever, valuable structural i n f o m i i o n  wuld be obtained i f :  a)  speci- 
f i c  reagents for cleaving only one type of bond were. used; or  b) informtion w a s  
f i r s t  obtained on the structure of potential kerogen precursors and the ways in wkicfi 
the precursors are involved in  the fomation of kerogen. 

In  an attempt to examine this latter Line of apprcam and to get mre structural 
informtion on algal-- kercgens, an investigation has been made into the structure 
of the insoluble organic residues isolable f m  recently-deposited algal mzes and 
fnrn som pure cultures of green and blue-green algae. The m j o r  aim of the study 
was to detennine whe the r  or not there w a s  any kerogen-like mterial i n  the sample of 
algal ooze; i f  so, what was its structure, and can it react to form the mre complex 
kerogen rmeity found in  ancient shales and sedin-ents; and finally i f  there w a s  ken- 
gen-like mater ia l  in the algal ooze, 
of kerogens a re  actually in the organisms themselves prior to being deps i ted  i n  the 

But in sp i te  of its vast abundance, relatively little is knam 
Tissot 

a)  hmic type  kerogens, 

a) the lack 

b) the ran- nature of the degradation by 

?s a result of these problem any i n f o m t i o n  obtained is  usually 

can it be said that the basic “building blocks“ 

S e d i n m t a K y  e n v i m m t ?  

try provide answers to s m  of these qus t ions ,  a series of degradation 
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~ i m n t s ,  previously perfom& on ancient kerogens, w e r e  repeated on the insolu- 
b l e  organic residues frcm an algal ooze and s a w  pure algal cultures. 
of algal  ooze for th is study w a s  obtained fnxn Laguna Wnmna, Baja California, in 
an environrrent where the sources of organic matter are well documented. The envir- 
m t  at  Laguna W m n a  is characterized by local variations i n  sedinwtc- 
logical, geochemical, and biological properties (5). Semi-arid climatic conditions 
and restricted water mv-t from the ocean have mined to produce an evaporite 
f l a t  and hyper-saline m h  e n v i r o m t .  
s l m l y  accumulating because of the hi$ sa l in i ty  which inhibits organisms tha t  nor- 
mally consume and degrade the organic mater ia l .  The in te r t ida l  algal mats  examimd 
at Lacjuna W ~ M  are cfiaracterized by the blue-green algae Microcoleus chthonoplas- 
tes and Lyn@ya aestuarii. Pure cultures of the blue-green algae Phormidium l u r id ium 
and Anacystis r i m r e  obtained from an earlier study by Han and M d a r t h m  
soluble L L  -ts of the same organisms (6). 

The s q l e  

Large quantities of organic matter are 

This paper w i l l  describe results obtained fram the degradation of the insoluble 
organic residue from the algal ooze using saponification, oxidation and pyrolysis. 
It w i l l  also summrize the results cbtained from alkaline potassium permanganate ox- 
idation of the pure cultures of the blue-green algae. As described above, these de- 
gradations w e r e  perfonnd i n  an attempt to detemine whether there w e r e  any apparent 
structural similari t ies between the algal ooze, the organisms and algal kerogens. 
The p a p  w i l l  also attempt to illustrate s a  of the major potential problems in- 
mlved in trying 
types of chemical dqradations. 

to make rmlecular structure detenninationS of kerogens using these 

The kerogen fraction w a s  isolated f r o m  the sample of algal wze  i n  the s a  way 
as kerogen would be isolated f m  an ancient shale or s-t. This inmlved m v -  
al of ca.-bnates and silicates by treatment w i t h  6N HC1 and 48% H F  respectively, fol- 
lmed by exhaustive extraction of the remaining residue with toluene/mthanol (1:l). 
No attempt w a s  made to r-e any pyrite from the residue w i t h  concentrated HNo3 
since this generally leads to the alteration of catam ' structural features of the 
kerogens. The residues from the pure cultures of algae w e r e  obtained by acid treat- 
rent of the cultures w i t h  6N HC1 follmed by remval of the soluble organic mater ia l  
by extraction w i t h  tolume/mthanol (1:l). 

(i) Sapnification. 

The algal ooze residue was refluxed for  three days w i t h  0.5% KOH/MeOH. 
tennination of the reaction, the mthanolic solution w a s  decanted, acidified, and 
extracted with heptane and ethyl acetate. The extracts w e r e  mined, evaporated 
and subsequently mthylated with B F W H  (13% w/v). The mthylated extracts w e r e  
fractionated into nonndl and branded/cyclic fractions by urea adduction prior to 
analysis by gas dmanatography (E) and mnputerized-gas Chramat0graphy-1~~~ spec- 
-try (C-GC-MS). 

A f t e r  

(ii) Oxidation. 

a) Oxidative degradation of the algal ooze residue w a s  p e r f o m  using alkaline 
potassium perr@anganate and a m t h d  similar to tha t  previously described by Cqner (7). 
The residue w a s  subjected to three four-hour periods of Oxidation, a total of twelve 
hours oxidation. 
m02 solubilized by addition of sodium bisulphite. 
extra- with heptane and ethyl acetate, the extracts d i n e d  and mthylated using 
B Q / k O H  (13% w/v). 
ed and cyclic fractions by urea adduction prior to analysis by CC and C-GC-MS. 

described i n  (a) excspt that only one four-hour oxidation period w a s  -4 to 

After each oxidation, the reaction mixture w a s  acidified and excess 
The clear reaction mixture w a s  

The nethylated extracts w e r e  f r a c t i m t e d  into n o m d  and brand- 

b) ?he residues from the algal &tures w e r e  oxidized i n  the s m  m e r  as 
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to ta l ly  degrade the residue. 

(iii) Fyro lysis.  

The pyrolysis e r c p e r h t  w a s  p e r f o m  by in i t i a l ly  heating the alqal wze res- 
idue in a quartz tube for 5 min. at  2OOOC to r m v e  any unbund soluble l ip id  mater- 
ial ,  and then increasing the temperature to 600'C for 30 mins. 
alleded in a U-tube ushq a liquid nitrcqen trap. when the reaction had been ter 
minated, the pmiucts w e r e  dissolved in ethyl acetate and transferred f m  the U-tube 
to a small  vial, the solvent rem- and the crude pyrolysate weighed. The pymly- 
sate was subsequently f i l t e red  throuqh an alumina column and fracticmated into a non- 
polar (heptane eluate) and a polar fraction (ethyl acetate eluate). 
f r a h o n  was further purified by thin-layer chramtcqrap~y and urea dduction prior 
to analysis by Gc and CG*. 

(iv) Analytical -. 
Gc eqyipPeawith a f l a w  ionization detector and a 15' x 0.03" i.d. glass wlunm 
padced with Dexsil 300 mated on Gas-Chran Q. 
f l m  rate of 1 2  ml/& and temperature anditions were: oven temperature 70 to 28OoC, 

at 6O/min; injector temperature 28OOC and detector temperature 250OC. 

C-K-MS analyses w e r e  performa using a Dueont 491-2 double-focussing mass spec;- 
trcmneter anpled directly to a Varian Aemgraph 204 gas ci-mmatcqrm. A glass cap 
i l l a ry  a l u n m ,  22' x 0.03" i.d., packed with mil 300 mated on Gaschrom Q was 
used far the analyses; oven temperature: 90 to 28OoC, p ~ a m w d  a t  6'/min. D a t a  
w e r e  continually acquired during the C-CC-M5 analyses usmg a Dupont 21-094 data 
system. 

The pyrolysate was 

The heptane 

GC analyses of the various degradation pnxiucts were performed on a Varian 2700 

H e l i m  w a s  used as carrier gas with a 

RFSULTS AND DISCUSSION 

Saponification of the algal ooze residue provided sane specific infonnation on 
the types of ccanpounds attached to the residue as esters. 
&minaW by the n-Cl6, n-Cl8 and c18:1 carboxylic acids w i t h  the latter two in a 
1:l ratio. Other  no& acids were  present in the C12-C32 range in relatively minor 
proprtions. The branched and cyclic fraction w a s  dcminated by a cyclopropyl-Clg 
acid, and phytanic and pristanic acids. The distribution of these fa t ty  acids is 
similar to that observed in the soluble l ip id  fractions fran other s q l e s  of these 

10).  Hauever, there is not a great deal of similarity between these prcducts and 
those abtainable fran saponification of ancient kerogens. 
f o r  t h i s  is that, w i t h  increasing the, additional l i p id  mterial be om^^ cuplexed 
to the insoluble residue. 
due can undergo structural alteration by either bacterial  o r  q&&cal effects dur- 
inq maturation. 

The nom1 fraction w a s  

algal-mats and oozes wki& have been examined and also other Recent seaimentS (8,9, 

One plausible explanation 

the mterial already linked to the resi- ~ l t e rna t ive ly ,  

oxidation of the algal ooze residue, when perfonred in a stepise fashion, p~ 
duced mainly no& W l i c  acids and isoprenoid acids in the f i r s t  step, but w i t h  
increasing tint? gave rise to increasing munts of a,w-dica.rbxylic acids and only 
srmll m u n t s  of isoprenoid ompnents as surmxized in Table I. These results suq- 
gest that  the n o m 1  and isoprenoid ompnents a r e  attached to the outer part of the 
kerogen nucleus and the a,w-dica&oqlic acids result fm degradation of a hic$ly 
cross-linked nucleus i n  a similar mmner to the degradation of ancient kerogens (11). 
aterna t ive ly  these degradation p rduc t s  my not be truly representative of the ori- 

-en structure a t  all but are fonred by semndaq degradation of the in i t ia l  
oxldatmn products. mew, until mre specific and less severe oxidizing reaqents 
are found for use in this type of stw, the above problem w i l l  never be ccarpletely 
eliminated. It is also noteworthy that the  tin^ taken to umpletely degrade the ker- 
0 g e n - a  mterial from the algal ooze w a s  o n l y  twelve hours anpred  to the ninety 
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hours +red to ccmpletely degrade the kerogen fran the Green River o i l  shale (11). 
l h i s  again i l lustrates  the less  ample^ nature of this innature kerogen-like mater- 
ial ccanpaped to that from ancient kerogens. 

and ancient m e n s  is of little use in obtaining specific structural info-tion 
on the residues. It is of use in classifying kerogens as algal or humic depsndhg 
on whether &*tic o r  a ramt ic  
of pyrolysis. ?he hydmcakons &tamed fran the pyrolysis of the algal ooze resi- 
d= used in this work were preacpninanuy alimtic, wnfirming that algal kerogen- 
precursors have an aliphatic type of structure. The major pmciucts w e r e  hmrAogous 
series Of n-alkanes and n-alkenes in the range c15<34 with a C.P.I. =1, and one iso- 
mer of pristene (C19H38) plus three phytene iscmners (C20~40) and minor armunts of 
p h w e n e  (C20H38). 
able from the pyrolysis of mature kerogens which again supports the theory that there 
are structural similarities between these kerogen-p remrs  and ancient algal kero- 
gens. 

Pyrolytic degradation of the insoluble organic residues frum the algal oozes 

respectively are the daninant prcducts 

The diStributions of the proauctS were Similar to thm? obtain- 

In work published elsewhere, results f m  the amprative pyrolytic degradaticols 
of several different algal residues has been r e p r t e d  (12). In  that stucly signifi-  
cant differen- between the distributions of the cyclic hydrocarbans frcan the var 
ious residues w e r e  observed. Pyrolysis mupled with microscopic examination of the 
residues, should be a valuable technique for correlating source m a t e r i a l  with struc- 
tural  infonnation. 

It is clear from these three degradation studies that there are structural sim 
ilarities between the algal ooze residue The oxidation 
studies on the insoluble organic residues frum the blue-green algae pmduced results 
which enable t h i s  s t a t a e n t  to be extended to say that there are structwal s imi le  
ities bebeen the organism, the algal wze residue and the ancient algal kerogens. 
?his is based on the fact  that the major oxidation proaucts from the Phormidium e 
dim residue w e r e  a,w-dicarbxylic acids (range C7-Clo; max. Cg) with minor m u n t s  
of-axboxyl ic  acids (range Cll-Ci6; ~MX. C12),  and from the Anacystis nidulans 
residue, a,w-di&xylic acids (range C7-C12; m. Cg) and equal armunts of n-car  
boxylic acids (range Cu-Cl8; MX. C14). 

and ancient algal kerogens. 

Ihe work described above has sham by various chemical deyradatim techniques 
that  there are sixa~ctural similari t ies between the insoluble organic resides from 
blue-green algae, algal oozes, and ancient algal-type kercgens. The conclusion is 
based on similarities between the degradation prcducts dtained from the insoluble 
organic residues. 
from the algal oozes to explore new and specific types of degradation reagents. 
Mre -is needs to be placed on using reagents which are knum to cleave speci- 
f i c  Linkages, such as ether linkages, to obtain larger mlecular fracpents frum the 
degradation. 
t i a l l y  using hi& pressure liquid d-LmaMtography, gel pm-eation - togrey .  
ultra-violet, or infra-red spectroscopy, which should give valuable m f o m b o n  as 
to their  structure. 
and specifically degraded., again, to give ccanpounds m r e  readily identifiable by GC 
and Gc-t,ls. 

Further work is m required using the insoluble organic residues 

These larger f r aqen t s ,  although less volati le,  could be examined hi- 

After this in i t ia l  examination the fra-ts could be‘ mildly 

It is clear that a l thoqh these studies have demonstrated the presene of kero- 
gen precursors i n  algae and algal-wzes, a great deal of work remins to be done in 
order to determine the exact origin of kerogen and the way in which it attains the 
degree. of mlecular amplexity found in ancient sedinr?nts. 
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INTRODUCTION 

The heavy o i l  depos i t s  and heavy conventional o i l s  of  e a s t e r n  Alberta  (Fig. 1) 
occur i n  var ious r e s e r v o i r s  wi th in  t h e  Mannville Group of  Lower Cretaceous age. The 
Mannville Group i s  separa ted  from underlying rocks by a profound angular  unconform- 
i t y  which allows s t r a t a  of d i f f e r e n t  ages  t o  under l ie  t h e  Mannville Group i n  
d i f f e r e n t  p a r t s  of t h e  Alberta  sync l ine .  
of Mississ ippian,  Permian and J u r a s s i c  age whi l s t  a t  Athabasca, Cold Lake and 
Lloydminster t h e  underlying rocks a r e  var ious formations o f  Devonian age. 
Montgomery e t  aZ. (1) have summarized t h e  var ious t h e o r i e s  t h a t  p e r t a i n  t o  t h e  
o r i g i n  of heavy o i l  depos i t s  of  e a s t e r n  Alberta .  

A t  Peace River t h e  underlying rocks a r e  

Br ie f ly  these  t h e o r i e s  a r e :  

The heavy o i l s  a r e  conventional o i l s  which have become a l t e r e d  by 
biodegradat ion and assoc ia ted  phenomena. 
Devonian o r  a Lower Cretaceous source.  
The heavy o i l s  a r e  young immature una l te red  o i l s .  
The heavy o i l s  a r e  der ived from organic  mat ter  which was deposi ted in 
situ with t h e  h o s t  sands. 

1. 
They could have e i t h e r  a 

2 .  
3 .  

In t h i s  repor t .ev idence  w i l l  be presented t o  show t h e  chemical s i m i l a r i t y  of  
t h e  heavy o i l s  o f  t h e  Lloydminster a r e a  and t h e  heavy o i l  d e p o s i t s , t o  conventional 
o i l s  occurr ing i n  t h e  c e n t r a l  p a r t  of t h e  Alberta  sync l ine .  
o f  a l t e r a t i o n ,  p a r t i c u l a r l y  b iodegrada t ion ,wi l l  be demonstrated f o r  both t h e  
conventional o i l s  and t h e  heavy o i l  depos i t s .  F i n a l l y  t h e  geochemical processes  
which lead  t o  t h e  formation o f  heavy o i l s  and o i l  sands w i l l  be examined by 
d e t a i l e d  comparison o f  t h e  composition o f  normal and secondar i ly  a l t e r e d  o i l s  a t  
var ious leve ls  of  thermal maturat ion.  The techniques and samples employed i n  t h i s  
s tudy have been summarized by Deroo et a t .  ( 2 ,  3 ) .  Sa tura ted  hydrocarbons obtained 
from rock e x t r a c t s  and o i l s  were examined by c a p i l l a r y  gas  chromatography and mass 
spectrometry. The d i s t r i b u t i o n  o f  monoaromatics, diaromatics ,  polyaromatics and 
thiophenic  compounds were determined by c a p i l l a r y  gas chromatography using both 
flame i o n i s a t i o n  and flame photometric d e t e c t o r s  and by mass spectrometry a t  a low 
i o n i s a t i o n  p o t e n t i a l  (10eV). 

Secondly the  e f f e c t s  

HEAVY OILS OF THE LLOYDMINSTER REGION 

In  t h e  c e n t r a l  p a r t  o f  t h e  b a s i n , o i l s  (Group 2) reservoi red  i n  t h e  Mannville 
Group (Lower Cretaceous) J u r a s s i c  and Mississ ippian a r e  r e a d i l y  d is t inguished  from 
t h e  o i l s  occurr ing i n  t h e  Devonian (Group 3) and t h e  Colorado Group (Lower t o  Upper 
Cretaceous) (Group ])on t h e  b a s i s  of t h e i r  gross  composition (Fig. 2 ) .  The o i l s  
occurr ing i n  t h e  Mannvil le ,Jurassic  and Mississ ippian a r e  r i c h e r  i s  sulphur ,  
aromatic  hydrocarbons, r e s i n s  and asphal tenes  than e i t h e r  Groups 1 o r  3 (Fig. 2)  
The high sulphur conten ts  a r e  r e f l e c t e d  i n  t h e  la rge  amounts of  benzothiophenes and 
dibenzothiophenes i n  t h e  o i l s  (Fig.  2) and t h e  dibenzothiophenes have a charac te r -  
i s t i c a l l y  wide d i s t r i b u t i o n  by carbon number (range C p l  t o  C3,-,) ( 2 ,  3 ) .  
a n a l y s i s  o f  rock e x t r a c t s  has  shown t h a t  t h e  Group 2 o i l s  have t h e i r  source i n  t h e  
f ine-grained sediments o f  t h e  Mannville Group. 

Deta i led  

This c o r r e l a t i o n  i s  based on t h e  
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d i s t r i b u t i o n  of the  var ious mass families i n  t h e  aromatic  f r a c t i o n s  and i n  p a r t i c -  
u l a r  the d i s t r i b u t i o n  of benzothiophenes and dibenzothiophenes ( 3 ) .  

The o i l s  from t h e  Lloydminster region which a r e  reservoi red  within t h e  
Mannville Group,have s i m i l a r  sulphur  conten ts  (above 2%) and a r e  s i m i l a r  i n  
composition t o  t h e  Group 2 o i l s  (Fig. 2 ) .  They a r e  however, s l i g h t l y  r i c h e r  i n  
aromatic hydrocarbons,resins  and asphal tenes  than t h e  major i ty  of t h e  o i l s  and 
form a d i s c r e t e  group a t  t h e  l i m i t  o f  t h e  f i e l d  of composition of t h e  Group 2 o i l s .  
However,within t h e  Lloydminster region t h e r e  i s  considerable  v a r i a t i o n  i n  t h e  
d i s t r i b u t i o n  of the  s a t u r a t e d  hydrocarbons. 
t h a t  a number o f  samples have undergone biodegradat ion i . e .  t h e  n-alkanes have 
been p a r t i a l l y  o r  completely removed by b a c t e r i a l  a c t i v i t y .  This  can be appreciated 
by comparison of  t h e  r a t i o  o f  p r i s t a n e  and phytane t o  t h e  C l ,  and C18 normal a lkanes 
i n  t h e  d i f f e r e n t  o i l s .  
B e l l s h i l l  Lake, Thompson Lake, Choice and Wainwright (Lloydminster Fm.). Those with 
r a t i o s  between 0.60 and 1.00 have had some n-alkanes removed, namely Wainwright 
(Wainwright Fm.). A r a t i o  o f  1.00 corresponds t o  t h e  type a s t a g e  of biodegradation 
previously def ined (2) f o r  t h e  heavy o i l  e x t r a c t s  (Fig. 3) .  Ratios  between 1.00 and 
2.00 (Baxter Lake, Chauvin South - Sparky Fm.) demonstrate t h e  progressive renewal 
of  n-alkanes. F i n a l l y  i n  t h e  Wildmere and Lloydminster samples only  t h e  isoprenoids  
remain and a r e  equivalent  t o  t h e  type  b leve l  of biodegradat ion i n  t h e  heavy o i l  
e x t r a c t s  (Fig. 3 ) .  

Gas chromatographic a n a l y s i s  revea ls  

The o i l s  wi th  r a t i o s  below 0.60 a r e  una l te red ,  namely 

Biodegradation of  t h e  s a t u r a t e d  hydrocarbons has occurred i n  t h e  Mannville 
o i l s  between t h e  Wainwright, David and Lloydminster pools  bu t  it has  not  a f fec ted  
those  from B e l l s h i l l  Lake, Thompson Lake and Choice ly ing  t o  t h e  southwest (Fig. 1 ) .  
The a l t e r n a t e  theory  (1) t h a t  an immature una l te red  o i l  (Lloydminster) has under- 
gone cracking reac t ions  t o  y i e l d  o i l s  with n-alkanes (Thompson Lake, B e l l s h i l l  
Lake and Choice) is untenable  f o r  t h e  fol lowing reasons.  

(1) The o i l s  l i e  a t  c l o s e l y  s i m i l a r  depths 2500 f 500 f e e t  which i s  

(2) Independent i n d i c a t o r s  of  thermal maturat ion such a s  moisture  contents  
i n s u f f i c i e n t  f o r  any marked maturat ion d i f fe rence .  

and v i t r i n i t e  r e f l e c t a n c e  va lues  o f  coa ls  i n d i c a t e  l i t t l e  maturation 
v a r i a t i o n  ( 4 ) .  
The progressive change i n  n-alkane content  r e l a t i v e  t o  isoprenoids  i s  
explained on t h e  b a s i s  of  biodegradat ion b u t  i s  not  explained by a 
thermal maturat ion theory.  

(3) 

Mass spectrometr ic  evidence from two o i l s  (Choice and Lloydminster) i n d i c a t e s  
a c lose  s i m i l a r i t y  t o  t h e  Group 2 oi l s  but t h e y  contain a higher  proport ion o f  
monoaromatic s t e r o i d s  and t r i t e r p e n o i d s  than t h e  o i l s  from t h e  c e n t r a l  p a r t  of  the 
bas in .  

HEAVY OIL DEPOSITS 

Evidence showing t h e  progress ive  biodegradat ion o f  t h e  heavy o i l  e x t r a c t s  
between B e l l s h i l l  Lake and t h e  heavy o i l  depos i t s  at  Athabasca has been presented 
previously ( 2 ) .  The s tages  i n  t h e  t ransformation a r e  i l l u s t r a t e d  i n  Figure 3 with 
type examples. 
decrease i n  t h e  n-alkane content  wi th  an apparent  increase  i n  the  propor t ion  o f  
isoprenoid compounds. 
t o t a l l y  but  p r i s t a n e  and phytas  a r e  r e l a t i v e l y  unaffected.  
no normals o r i s o p r e n o i d s .  The coincidence of a l t e r a t i o n  with the occurrence of 
r e l a t i v e l y  f r e s h  water  i n  t h e  r e s e r v o i r s  and t h e  s e l e c t i v e  removal of f i rs t  t h e  
n-alkanes and then the isoprenoids  support t h e  biodegradat ion theory .  

Type a i s  i l l u s t r a t e d  by t h e  Edgerton sample i n  which t h e r e  i s  a 

Type b o i l s  a r e  those  i n  which t h e  n-alkanes have disappeared 
Type c e x t r a c t s  contain 

I t  i s  evident  from t h e  d i s t r i b u t i o n  of t h e  cyclo-alkanes t h a t  t h e  heavy o i l  
depos i t s  resemble t h e  Group 2 o i l s  ( 2 ) .  The same conclusions have been reached 
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when one considers  t h e  d i s t r i b u t i o n  o f  aromatic hydrocarbons and sulphur compounds 
as determined by c a p i l l a r y  gas  chromatography ( 2 )  and mass spectrometry (Fig.  3 ) .  
The c h a r a c t e r i s t i c  f e a t u r e s  a r e  t h e  importance of  t h e  thiophenes p a r t i c u l a r l y  t h e  
dibenzothiophenes i n  t h e  range C 2 1  t o  C35 i n  the  mass fami l ies  C,,Hzn-16S and 
CnH?n-lRS and the higher  concentrat ion of these  fami l ies  than  t h e  phenanthrene 
family (CnHzn-18) i s  the  polyaromatic f r a c t i o n .  

PROCESSES LEADING TO THE FORMATION OF HEAVY OIL DEPOSITS 

On t h e  bas i s  of the foregoing d iscuss ion  one would suppose t h a t  the  higher  
su lphur , res in  and asphal tene conten ts  of  o i l s  i n  t h e  Lloydminster region might be 
s o l e l y  a consequence of concentrat ion brought about by a l t e r a t i o n  processes .  This 
i s  not  exclusively t h e  case s ince  t h e  una l te red  o i l s  i n  t h i s  region (Wainwright, 
Thompson Lake, Choice and B e l l s h i l l  Lake) have r e s i n  and asphal tene conten ts  which 
a r e  higher than many unal tered o i l s  i n  t h e  Mannville from t h e  c e n t r a l  p a r t  o f  the  
bas in  (Fig. 2 ) .  The quest ion i s  put  i n  perspec t ive  i f  we examine the  d i s t r i b u t i o n  
of  reserves  of  Group 2 o i l s  aga ins t  an independent measure of matur i ty  such a s  
v i t r i n i t e  r e f l e c t a n c e  (Fig. 4 ) .  

I t  is evident  t h a t  t h e  Lloydminster o i l s  occur a t  a r e l a t i v e l y  low maturation 
In l e v e l  compared with the  remainder of  t h e  o i l s  i n  t h e  c e n t r a l  p a r t  o f  the  basin.  

addi t ion  i n  t h e  Lloydminster region t h e  content  of  s t e r o i d s  and t r i t e r p e n o i d s  (C25 
and above) i n  the  mass fami l ies  CnHZn=12 and CnH2n-14 i s  higher  than i n  t h e  
unal tered o i l s  t o  t h e  west and i s  i n d i c a t i v e  of a maturation t rend across  t h e  basin.  
In Figure 5 t h e  maturation t rend  across  t h e  bas in  i s  i l l u s t r a t e d  by v a r i a t i o n s  in  
gross composition of o i l s  which occur in  the  Mannville Group. 
s i v e  decrease in  r e s i n ,  asphal tene and aromatic hydrocarbon content towards the  
west. However, a t  each s t a g e  of maturation there  is an enrichment i n  r e s i n s  and 
asphal tenes  i n  c e r t a i n  o i l s .  In t h e  Lloydminster region t h i s  i s  a t t r i b u t e d  a t  l e a s t  
i n  p a r t  t o  biodegradation whereas i n  the  c e n t r a l  p a r t  of t h e  basin it occurs  where 
o i l  from t h e  Mannville c rosses  t h e  pre-Cretaceous unconformity i n t o  underlying 
formations (Mississ ippian or  Devonian). 

There i s  a progres- 

In order  t o  d i s t i n g u i s h  the  e f f e c t s  of a l t e r a t i o n  r e l a t i v e  t o  thermal matu- 
r a t i o n ,  it is  necessary t o  examine these  e f f e c t s  i n  r e s t r i c t e d  a reas  within which 
v a r i a t i o n s i n  maturation l e v e l s  are minimal. 
o f  t h e  aromatic f r a c t i o n s  of a s e r i e s  of o i l s  has been undertaken i n  a reas  where 
t h e  geothermal gradient  i s  r e l a t i v e l y  constant .  
within these areas  can be d is t inguished  by considerat ion o f  t h e  maximum depth of 
b u r i a l .  

For t h i s  purpose d e t a i l e d  examination 

The r e l a t i v e  s tages  of maturation 

The e f f e c t s  of a l t e r a t i o n  on t h e  aromatic f r a c t i o n  can be summarized a s  
fol lows:  

1. 

2 .  

3 .  

In  t h e  mass family CnHzn-8 there  i s  a s h i f t  i n  t h e  mode t o  higher  carbon 
numbers. 
In the  mass fami l ies  CnHqn- lz  and CnHpn-lb t h e r e  is an o v e r a l l  enr ich-  
ment, p a r t i c u l a r l y  i n  t h e  range above C20 o r  CZ5 i n  t h e  former family. 
In  t h e  diaromatics  of t h e  fami l ies  CnH2n-12 and CnHpn-lb t h e r e  i s  
( a )  
(b) 
(c )  
In the  thiophene fami l ies  CnHZn-1oS, CnHzn-12S and C,,Hqn-18S t h e r e  i s  
(a) an increase  i n  t h e i r  concentrat ion 
(b) an enrichment i n  t h e  higher carbon number ranges ( C ~ O  and above) 

accompanied by/or - 
( c )  a decrease i n  t h e c o n c e n t r a t i o n o f  compounds i n  below C z o .  

a decrease i n  t h e  t o t a l  percentage 
a decrease i n  t h e  mode or/and 
a displacement of t h e  mode t o  higher  carbon numbers 

4 .  
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In  t h i s  context  t h e  term a l t e r a t i o n  i s  used t o  des igna te  both t h e  consequences of  
secondary migrat ion and b a c t e r i a l  degradat ion,  water washing and inorganic  oxida- 
t i o n .  These processes  a r e  examined i n  successive maturation zones. 

Zone 1 
adjacent  to  t h e  F o o t h i l l s  and t h e  Glenevis region.  
t h e  Jurass ic  and Mississ ippian o i l s  have a shallower depth o f  b u r i a l  than t h e  
from t h e  Mannville because of  t h e  s t r u c t u r a l  p o s i t i o n  of  t h e  pools .  
var ia t ions  1, 3a and b,  i n  comparison with t h e  Mannville o i l  and they have a higher 
content  of benzothiophenes (Fig. 6 A ) .  The Mississ ippian and J u r a s s i c  o i l s  a t  
Medicine River a r e  i n  r e s e r v o i r s  o f  similar depths  of  b u r i a l  and have s i m i l a r  gas 
t o  o i l  r a t i o s  (GOR) which a r e  lower than t h a t  f o r  t h e  Mannville r e s e r v o i r .  The 
observed v a r i a t i o n s  a r e  considered t o  be due t o  secondary migrat ion of t h e  more 
mobile compounds. 
t h e  pre-Cretaceous unconformity. 
would explain t h e  observed phenomena. 

Geothermal Gradient 3OoC p e r  1000 m. This  zone inc ludes  t h e  o i l  pools 
In t h e  Medicine River region 

They have 

The o i l s  i n  t h e  J u r a s s i c  and Mississ ippian a r e  t rapped beneath 
Leakage of  l i g h t  components along t h e  unconformity 

The Mississ ippian o i l s  from Harmattan t o  t h e  southwest of  t h e  Medicine River 
pools  a re  c l e a r l y  more deeply bur ied .  
composition, (Fig.  5 )  d i s t r i b u t i o n  of  n-alkanes,  cycl ic-alkanes and aromatic 
compounds (Fig. 5 )  i n d i c a t e  a h igher  degree of  maturat ion than t h e  Medicine River 
o i l .  However, a s  well a s  being r i c h e r  i n  non-aromatics (Fig. 6A) than t h e  previous 
o i l s  it a l s o  shows v a r i a t i o n s  1, 3a and b f o r  t h e  mass fami l ies  CnHZn-12.  
anomaly can b e  explained by secondary migrat ion of  t h e  more mobile components t o  
higher  reservoi rs .  In  t h e  Harmattan East f i e l d  t h e  o i l s  i n  t h e  Mannville reservoi rs  
have a higher GOR than t h a t  i n  t h e  underlying Mississ ippian.  

The high d i s t i l l a t e  content ,  overa l l  

This 

The Mississ ippian o i l  from t h e  Glenevis reg ion  l y i n g  t o  t h e  nor th  of t h e  o i l s  
discussed above has been t h e  l e a s t  buried of o i l s  from t h i s  zone. I t  shows 
var ia t ions  1, 2, 3a and b i n  t h e  mass fami l ies  CnHpn-14, a r e l a t i v e  increase  i n  
t h e  concentrat ion of dibenzothiophenes beyond C l 0  and a lower maturation s t a t e  than 
t h e  Medicine River o i l s .  Thus wi th in  t h i s  zone t h e  o i l s  of t h e  Glenevis region 
have undergone l e a s t  maturat ion w h i l s t  t h a t  from Harmattan East has suf fered  t h e  
most maturation. This c o n c l u s i o n ~ i s  cons is ten t  with t h e  palaeotemperatures derived 
from coal rank s t u d i e s  (4) .  
Glenevis reg ion  i s  76OC whi l s t  those  a t  Medicine River and Harmattan East  a r e  l l l ° C  
and 127OC respec t ive ly .  
have been a f f e c t e d  by secondary migrat ion;  t h e  l i g h t e r  hydrocarbons have probably 
escaped from t h e  r e s e r v o i r s  a long t h e  unconformity leav ing  i n  p lace  t h e  l e s s  mobile 
components. 

Zone 2 
production and conta ins  a l t e r e d  o i l s  such a s  Lloydminster o r  una l te red  o i l s  a s  a t  
Leduc and Pembina. 
una1 tered.  

The est imated palaeotemperature o f  pools  i n  t h e  

O i l s  occur r ing  i n  Mississ ippian and J u r a s s i c  r e s e r v o i r s  

Geothermal Gradient 4OoC p e r  1000m. This  zone includes most o f  the  o i l s  in  

I t  a l s o  inc ludes  heavy o i l  e x t r a c t s  which may be  a l t e r e d  o r  

The Pembina sample (Fig. 6B) which has  been buried the  deepest  o f  t h i s  group, 
has  c h a r a c t e r i s t i c s  s i m i l a r  t o  t h e  Mannville sample from Medicine River. 
i s  more deeply buried b u t  occurs i n  a zone with a lower geothermal grad ien t .  An 
o i l  from Leduc-Woodbend occurs i n  t h e  Wabamun (Devonian) d i r e c t l y  under the  pre-  
Cretaceous unconformity. I t  shows v a r i e t i e s  1, 3a and b i n  t h e  aromatic compounds 
and var ia t ion  4a i n  t h e  thiophenic  compounds (Fig.  68) .  The o i l  occurr ing i n  t h e  
Wabamun Formation has a lower GOR than  o i l s  i n  t h e  r e s e r v o i r s  above t h e  unconformity 
i n  t h e  same f i e l d .  
migration ~ 

The l a t t e r  

Here again,  t h e  v a r i a t i o n s  can be a t t r i b u t e d  t o  secondary 

Impregnations cons is t ing  of concentrat ions of  heavy f r a c t u r e s  could be residues 

A heavy o i l  e x t r a c t  from t h e  Wabamun a t  Golden Spike (ad jacent  t o  the  Leduc 
from migration, a product o f  a l t e r a t i o n  processes  o r  could be an o r i g i n a l  unal tered 
o i l .  
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D i s t r i b u t i o n  i n  the  Mass Fami l ies 
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f i e l d )  i s  very s i m i l a r  t o  t h e  Wabamun o i l  a t  Leduc Woodbend discussed above. I t  i s  
considered t o  be a residue l e f t  from secondary migration. A heavy o i l  e x t r a c t  from 
Edgerton (Mannville) Figure 6C c lose ly  resembles the  Golden Spike ex t r ac t .  Although 
l e s s  deeply buried,  t h e  Edgerton sample can only be GHm-e dis t inguished from t h e  
Golden Spike sample by i t s  higher  content ofmonoaromatic 
and CnH2n-14) p a r t i c u l a r l y  t h e  s t e r o i d  and t r i t e r p e n o i d  compounds above C25.  
d i f ference can be a t t r i b u t e d  t o  t h e  lower degree of  maturation o f  t h e  former. The 
Edgerton and Golden Spike samples tend t o  contain few l i g h t  monoaromatic compounds 
(<C20) i n  the  mass family CnHnn-8 and even less i n  t h e  f ami l i e s  CnHpn-12 and 
CnHpn-4; t h i s  i s  probably t h e  r e s u l t  of  secondary migrat ion.  

(mass f ami l i e s  CnH2n-12 
The 

The heavy o i l  from t h e  Lloydminster pool i s  i n  i t s  t u r n  compared with the  
Edgerton sample (Fig.  6C) s i n c e  t h e  geothermal gradient  and depths  o f  bu r i a l  a r e  
s imi l a r .  
families CnHzn-12 and CnH2n-14 can be in t e rp re t ed  as due t o  a low degree of 
maturation, but t h e  effect of  concentrat ion due t o  a l t e r a t i o n  must be considered. 
The e f f e c t s  o f  a l t e r a t i o n  a r e  shown i n  t h e  aromatic and thiophenic  compounds by 
va r i a t ions  1, 3c ,  4b and c .  These changes a r e  g r e a t e r  than those  a t t r i b u t e d  
s o l e l y  t o  secondary'migration. 
f r a c t i o n  accompanies t h e  b a c t e r i a l  removal o f  n-alkanes i n  t h e  s a t u r a t e  f r a c t i o n  
(Type b ) .  This a l t e r a t i o n  i s  a t t r i b u t e d  t o  water washing of  t h e  r e l a t i v e l y  so lub le  
aromatic compounds, t o  inorganic  oxidat ion of  weakly so lub le  or  insoluble  compounds 
and/or possibly t h e  biodegradation o f  some benzothiophenes. 

The r e l a t i v e  importance of t h e  monoaromatics beyond C25  i n  the  mass 

A c e r t a i n  degree o f  a l t e r a t i o n  o f  t h e  aromatic 

Zone 3 Unknown Geothermal Gradient.  This p a r t  concerns t h e  heavy o i l  depos i t s  i n  
t h e  most no r the r ly  p a r t  of  t h e  s tudy a rea  (Fig.  1 ) .  The present  geothermal 
gradients  a r e  unknown bu t  t h e  bu r i a l  depths are est imated t o  be equivalent  t o  those  
o f  t h e  preceding samples; t h i s  assumption is supported by t h e  p a r a l l e l  s ign i f i cance  
of t h e  heavy monoaromatics (C25+) i n  t h e  f ami l i e s  CnH2n-12 and CnH2n-14 (Fig.  6D). 

The aromatics from t h e  Marten H i l l s  sample (type b biodegradation) show t h e  
same a l t e r a t i o n  effects observed i n  t h e  Lloydminster o i l  and are a t t r i b u t e d  t o  
water washing and inorganic  oxidat ion.  The sample from t h e  GCOS Plant  has the  
most degraded sa tu ra t ed  hydrocarbons (type c ) .  
t o  t h e  aromatics as were observed i n  the  Marten H i l l s  and Lloydminster o i l s  but  
va r i a t ion  3c i s  p a r t i c u l a r l y  s i g n i f i c a n t .  
advanced s t age  o f  a l t e r a t i o n  of the  aromatics by water washing and inorganic  
oxidation. 

Summary 

The same changes occur with regard 

This  sample r ep resen t s  t he  most 

The heavy o i l  depos i t s  and t h e  heavy conventional o i l s  of  ea s t e rn  Alberta 
resemble t h e  conventional o i l s  reservoired i n  Lower Cretaceous (Mannville) 
sediments i n  the  c e n t r a l  p a r t  of t h e  basin and as such d i f f e r  i n  o r i g i n  from t h e  
Devonian o i l s .  They a r e ,  however, r e l a t i v e l y  l e s s  mature than t h e  contemporaneous 
o i l s  t o  t h e  west. 
t h e i r  heavy character ,  secondary processes such as biodegradat ion,  water washing, 
secondary migration of  l i g h t  components and poss ib ly  some inorganic  oxidat ion 
r e s u l t s  i n  the  concentrat ion of heavy ends with t h e  u l t ima te  formation of s o l i d  
bitumen. 

Although t h e i r  r e l a t i v e  immaturity can p a r t i a l l y  account f o r  

Comparative analyses  of  t he  aromatic hydrocarbons of t h e  Group 2 o i l s  allows 
t he  r e l a t i v e  s ign i f i cance  of  maturation and a l t e r a t i o n  t o  be assessed as follows: 

1. In t he  main o i l  f i e l d  area, a l l  o i l s  located beneath t h e  unconformity 
( Jurass ic ,  Mississ ippian o r  Devonian) a r e  a l t e r e d  as a r e s u l t  of 
secondary migrat ion of  t h e  l i g h t e s t  components from t h e  r e s e r v o i r  t o  
v e r t i c a l l y  o r  l a t e r a l l y  higher  r e s e r v o i r s .  The geochemically defined 
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maturat ion s t a t e  o f  t h e  o i l s  i n  zones with comparable geothermal gradients  
correspond wel l  t o  t h e i r  r e s p e c t i v e  depths  of b u r i a l .  
In t h e  heavy o i l  zone, t o  t h e  n o r t h  o f  t h e  main f i e l d  a r e a ,  a l l  o i l s  have 
undergone l e s s  maturat ion than t h e  preceding o i l s .  
e f f e c t s  of  secondary migrat ion,  t h e  aromatics from these  o i l s  have under- 
gone degradat ion by water washing and inorganic  oxida t ion  which a r e  
assoc ia ted  with t h e  biodegradat ion of  t h e  alkanes.  
a maximum i n  t h e  r e s e r v o i r s  c l o s e s t  t o  t h e  Cretaceous unconformity even 
i f  t h e  biodegradat ion of t h e  normal a lkanes has  n o t  reached t h e  most 
advanced s tage.  In  a l l  p r o b a b i l i t y ,  t h e  unconformity corresponds t o  an 
a q u i f e r  and c o n t r o l s  t h e  d i s t r i b u t i o n  and a l t e r a t i o n  of hydrocarbons i n  
its v i c i n i t y .  

2 .  
In  a d d i t i o n  t o  the  

These e f f e c t s  a r e  a t  
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MICROBIAL EXTRACTION OF BITUMEN FROM ATHABASCA O I L  SAND 
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INTRODUCTION 

I n  the 1950's the  Department of Mines and Technical Surveys i n  Canada 
(now Energy, Mines and Resources or EMR) undertook a va r i e ty  of inves t iga t ions  

per ta in ing  t o  the recovery of bituminous values from Athabasca t a r  sand 
using a co ld  water, so lvent -sur fac tan t  approach. I n  add i t ion  to a p i l o t  
p l a n t  operation (1). s tud ie s  were made by Montgomery and co-workers (2) 
on the e f f e c t s  of approximately 60 wetting agents i n  a labora tory  sca l e  cold- 
water,  so lvent -sur fac tan t  ex t r ac t ion  of bitumen from Athabasca tar sand. 
One conclusion from these s tud ie s  was t h a t  su r f ac t an t s  with HLB (hydrophilic- 
l ipophyl ic  balance) values (3)  of  6-8 were most usefu l  i n  terms of producing 
a bituminous e x t r a c t  which was f r @ e  of water and c lay  while a l s o  r e su l t i ng  
i n  a high overa l l  y ie ld .  The cold-water, so lvent -sur fac tan t  process f o r  t a r  
sand ex t rac t ion  has seve ra l  p o t e n t i a l  advantages over present  hot-water 
ex t r ac t ion  technology. These include a reduction i n  the  d ispers ion  of c lay  
pa r t i c l e s  (with a concomitant reduction i n  e f f l u e n t  d i sposa l  problems), and a 
reduction i n  the energy required for the  ex t r ac t ion  s t e p  (although the t o t a l  
energy budget of an  ex t r ac t ion  p l a n t  depends on the  f i n a l  design o f  a l l  
components. 

Microbes (bac te r i a ,  fungi) a r e  known to  u t i l i z e  hydrocarbon subs t r a t e s  
such as kerosene or components of crude o i l  a s  a primary source of  carbon fo r  
growth and metabolism. The s o l u b i l i t y  of most hydrocarbons i n  water or 
microbial growth media is usua l ly  negl ig ib le ,  and i t  appears t h a t  many hydro- 
carbonoclastic microorganisms overcome t h i s  l i m i t a t i o n  to the  a v a i l a b i l i t y  of 
t h e i r  primary foodstuff by producing e x t r a c e l l u l a r  mater ia l s  which adsorb, 
emulsify or wet the  hydrocarbon phase, i n  order  t o  increase  contac t  a rea  and t o  
produce sub-micron d rop le t s  which can be phagocytized ( 4 ) .  Cer ta in  micro- 
organisms produce su r face  ac t ive  mater ia l s  i n  the  absence o f  hydrocarbons, 
such as BaCilZuS subtizis which produces s u b t i l y s i n  and of course,  many 
b io logica l  l i p i d s  a r e  sur face  ac t ive .  

Recently, w e  have been studying the production of surface ac t ive  agents 
by hydrocarbonoclastic microbes (5,6,7,8) and the  u t i l i t y  of  these  agents i n  
the cold-water ex t r ac t ion  of Athabasca tar sand (9). I n  these s tud ie s ,  
approximately EO microbial  cu l tu re s  which were i s o l a t e d  from a va r i e ty  of 
na tura l  environments and which a r e  capable of u t i l i z i n g  hydrocarbons as t h e i r  
primary carbon source were screened for growth r a t e ,  gene t i c  s t a b i l i t y  and 
su r fac t an t  production. 
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Crude preparat ions of microbial  s u r f a c t a n t  were t e s t ed  f o r  t h e i r  a b i l i t y  
t o  s t imulate  t h e  separat ion of bitumen from the  mineral mat ter  i n  a va r i e ty  of 
samples of Athabasca tar sand. Within the scope of t he  t e s t  system which 
has been developed, microbial  s u r f a c t a n t s  a c t  a s  successful  t a r  sand separat ion 
agents and a r e  comparable i n  e f f ec t iveness  w i t h  syn the t i c  su r fac t an t s  while 
holding the promise of reduced production c o s t s  through continuous production 
from a hydrocarbon feedstock i n  a s i n g l e  processing s t ep .  

EXPERIMENTAL 

Microbiological and Chemical 

Pure s t r a i n s  o f  microbes were c u l t i v a t e d  i n  a mineral s a l t s  medium (pH 7.0) 
containing NaN03 ( 2 % ) ,  K2HPO4 (1%), KH2PO4 (0.5%), KC1 (0.1%), MgSOq ( 0 . 0 5 % ) ,  
CaC12 (0.01%), FeS04 (0.01%), ethylenediamene t e t r a a c e t i c  a c i p  (O.OOl%), 
kerosene (Imperial  O i l  Number 9 r e f ined  o i l  (4%))  p lus  vitamins and minerals 
a s  needed by the various s t r a i n s .  Growth was s tudied e i t h e r  i n  50 m l  of the 
above medium i n  500 m l  shake f l a s k s  ( ro t a t ed  a t  200 r p m  w i t h  a 1.5" 
eccen t r i c i ty )  o r  i n  a N e w  Brunswick 28 l i t r e  fermentor. P l a t e  counts w e r e  
used to determine v i ab le  c e l l  number and biomass was considered t o  be t h a t  
mater ia l  which was r e t a ined  by a 0 . 2 2 ~  pore diameter Mill ipore f i l t e r .  Certain 
bacter iological  i d e n t i f i c a t i o n  tests w e r e  performed using the API-20 and 
API-50 t e s t  systems. (API Laboratory Products,  4008 Cote Vertu,  S t .  Laurent, 
P.Q. H4R 1V4 ) .  

The su r face  tension of fermentation broth o r  so lu t ions  of crude su r fac t an t  
was measured with a Fisher  su r face  tensiometer (Autotensiomat) and is taken 
as the maximum of t h e  s t r e s s - s t r a i n  curve. C r i t i c a l  micel le  concentrations 
(CMC) were measured and a r e  expressed a s  follows: the surface tensions of a 
s e r i a l  d i l u t i o n  s e r i e s  were measured and p l o t t e d  as a funct ion of t he  log of the 
concentration expressed a s  a p e r c e n t  o f  t he  o r i g i n a l  ( % , V / V ) .  The concentration 
a t  which sa tu ra t ion  occurs i s  t h e  CMC. C r i t i c a l  micel le  concentrations expres- 
sed in  this way are  an inverse measure of t he  concentrat ion of su r fac t an t  i n  
the fermentation broth or crude e x t r a c t  and have proven to  be highly useful  i n  
the optimization of s u r f a c t a n t  production. Emulsification was t e s t ed  by violent ly  
mixing equal volumes of an aqueous s u r f a c t a n t  so lu t ion  and a l i q u i d  hydrocarbon, 
allowing the mixture to s e t t l e  f o r  24 hours and recording the  percent  of t he  
total volume occupied by emulsion. Droplet  s i z e  has n o t  been s tudied a t  this time. 

Tar Sand Extraction Tes t  

I n  order  to maximize t h e  d i f f e r e n t a t i o n  between the e f f e c t s  of various 
surfactants ,  t a r  sand was t e s t e d  f o r  ex t r ac t ion  i n  a l o w  shea r  test system. In 
this t e s t ,  5.0 g t a r  sand w a s  placed i n  a 500 m l  f l a s k  w i t h  50 
aqueous su r fac t an t  s o l u t i o n  to be t e s t ed .  This mixture w a s  shaken a s  described 
above f o r  48 hours and q u a n t i t a t i v e l y  analyzed f o r  bitumen separat ion from sand. 
The shaking procedure r e s u l t e d  i n  the  f r ac t iona t ion  o f  bitumen i n t o  4 f r ac t ions  
(F igu re  1): 1. Surface o i l  f r a c t i o n ,  which was co l l ec t ed  by mopping the surface 

w i t h  a s i l i c o n i z e d  ( S i l i c l a d ,  Clay-Adam) g l a s s  f i b r e  f i l t e r  paper; 2 .  Residual 
tar sand b a l l s ,  which were c o l l e c t e d  on a 40 mesh screen;  3 .  Sand + Clay 
f r ac t ion ,  which was co l l ec t ed  on Whatman # 41 f i l t e r  paper; and 4. Emulsified 
bitumen which w a s  ex t r ac t ed  from the f i l t r a t e  with toluene. The bitumen content 

m l  o f  the 
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of each f r ac t ion  was determined by ex t r ac t ion  with toluene and taking the O.D. 
a t  700 rn and r e fe r r ing  to a standard curve. 
d i s t r ibu ted  i n  cont ro l  (no su r fac t an t )  t e s t s  is given i n  Table 1 (2 standard 
e r r o r  of the  mean of 10 observa t ions) .  

A sunrmary of  the  bitumen 

TABLE 1 

SUMMARY OF BITUMEN DISTRIBUTION FOLLOWING M W  SHEAR AQUEOUS 
EXTRACTION I N  THE ABSENCE OF SURFACTANTS (Control Values) 

FRACTION TAR SAND SAMPLE 1 TAR SAND SAMPLE 2 

Original bitumen content  7.8 t 0 .3  10.2 t 1.0 
(%w/w) percent  of t o t a l  
Bitumen in:  
(a)  sur face  f r ac t ion  (1) 18.6 t 0 .3  0.6 _+ 0.2 
(b) res idua l  f r a c t i o n  (2) 54.0 t 5.0 97.7 t 0.7 
(c) sand + c lay  f r a c t i o n  1.3 t 0.6 

0.3 t 0.2 0.4 0.1  (d) d i k l s i f i e d  f r ac t ion  
27.1 _c 3.8 

(4) 

Bitumen concentration i n :  

(b) res idua l  f r ac t ion  (2) 30 4.6 
(c)  sand + c lay  f r a c t i o n  3 0.5 

(a)  sur face  f r ac t ion  (1) 100 

(3) 

* Numbers r e f e r  t o  fractions of Figure 1. 

100 
12 t 1.8 
1 t 0.3 

~~ 

RESULTS AND DISCUSSION 

Surfac tan t  Production 

Table 2 gives the  sur face  tension and CMC of whole fermentation broth for  
5 s e l ec t ed  microbial  cu l tu re s  which u t i l i z e  kerosene f o r  growth. Sur fac tan t  
production i n  both shake-flask and batch fermentations reaches a sharp peak 
ea r ly  i n  the growth cycle f o r  cu l tu re s  1 and 2 

TABLE 2 

MICROBE STRAIN M I N I M U M  SURFACE TENSION CMC ( %  OF WHOLE BROTH) 

1. Corynebacteriwn sp OSGBl 
2. Pseudomonas, S p  Aspha 1 
3. candida l i p o l y t i c a  GA 
4. vibrio, s p .  Chry-B  
5. Corynebacteriwn, s p  CD1 

28 
31 
33 
65 
32 

0.05% 
6% 
90% 
100% 
0.5% 
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The m o s t  general ly  use fu l  technique f o r  recovering the su r face  a c t i v e  
components has been ex t r ac t ion  by exhaustive emulsif icat ion.  I n  this method, 
whole fermentation broth is f i r s t  centr i fuged (10,000 Xg, 1 5  min.) to  remove 
c e l l s  and is  then mixed w i t h  an  equal  volume of kerosene or hexadecane and 
shaken v io l en t ly .  The r e su l t i ng  mixture separates  i n t o  aqueous phase,  an  
emulsion phase and a kerosene phase ( c e r t a i n  cu l tu re s  r equ i r e  d i l u t i o n  with 
d i s t i l l e d  wa te r ) .  The emulsion i s  separated and mixed w i t h  more hydrocarbon 
and d i s t i l l e d  water and t h e  ex t r ac t ion  is repeated; i n  addi t ion,  t he  aqueous 
phase is ex t r ac t ed  with more hydrocarbon and the  emulsion f r ac t ions  a r e  pooled. 
Following a t r i p l e  ex t r ac t ion ,  the emulsion is lyopholyzed t o  give the crude 
product. Biochemical f r ac t iona t ion  of this crude s u r f a c t a n t  mixture i s  underway 
and ind ica t e s  t h a t  there  are seve ra l  surface a c t i v e  components. Table 3 gives 
the  CMC and surface tensions ( y ) ,  i n t e r f a c i a l  tensions (YH,kerosene) spreading 
tensions (Ys) and Gibbs su r face  excess ( r )  f o r  5 se l ec t ed  crude microbial  
su r f ac t an t s .  Spreading tension i s  d i r e c t l y  r e l a t e d  t o  HLB, although no attempt 
has been made to  determine the  HLB by o the r  means. Emulsification a s  a function 
of the chain length of the emulsif ied hycrocarbon is  given i n  Figure 2 f o r  one 
of the microbial  s u r f a c t a n t s .  

TABLE 3 

SURFACIAL PROPERTIES OF MICROBIAL SURFACTANTS AT THE CRITICAL 
MICELLE CONCENTRATION 

2 MICROBE CMC (%,w/v) y (dynes/cm) yH (dynes/cm) y~ (dynes/cml r (pMoles/cm 1 

1 0.015 4 9  9 22 845 

2 0.02 55  20 1 256 

5 0 . 2  34  25 -15 673 

Large sca l e  (20 l i t r e )  production of microbial  s u r f a c t a n t  has been s tudied 
f o r  C u l t u r e  1 and the  r e s u l t s  a r e  given i n  Figure 3 .  The most remarkable 
feature  of t h e  fermentation is t h a t  su r f ac t an t  concentrat ion i n  the broth increases 
100-fold over  an approximately 5 hour per iod and then drops o f f  t o  lower values.  
The meaning of this i n  terms of microbial  growth is uncertain a t  this t i m e ,  but  
it is co r re l a t ed  with maximum oxygen consumption, carbon dioxide formation, the 
formation o f  a yellow compound and the movement of the microorganisms from the 
aqueous to  t he  hydrocarbon phase. 

Crude microbial  su r f ac t an t s  have been t e s t e d  f o r  t o x i c i t y  using the 
Daphnia magna t e s t  system (10) and some of the r e s u l t s  a r e  given i n  Table 4. 
Microbial s u r f a c t a n t s  have i n  general  proven t o  be a source of n u t r i t i o n  t o  the 
Daphnia and death r a t e s  i n  the absence of s u r f a c t a n t  exceed those with surfactant ,  
demonstrating a complete l a c k  of t o x i c i t y  a t  the concentrations t e s t ed  ( a l l  a r e  
near the CMC). Resul ts  f o r  s eve ra l  syn the t i c  su r fac t an t s  a r e  included f o r  
comparative purposes. 
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TABLE 4 

SURFACTANT CONCENTRATION (Gprn) % MORTALITY ABOVE CONTROLS, 48hrs. 

1 
2 
5 
Petrostep-A-50 
Standamid 
Unamide JJ-35 

100 
200 

2000 
900 

1050 
100 

Greater su rv iva l  r a t e  than controls  

-lo* 
-4* 

65 
100 
100 
100 

Tar Sand Extract ion 

Table 5 gives the tar sand d i s t r i b u t i o n  r e s u l t s  f o r  5 se l ec t ed  cu l tu re s .  I n  
these tests, t a r  sand was t r ea t ed  w i t h  a 0.02% so lu t ion  of whole microbial broth 
f o r  48 hours. TWO e f f e c t s  predominate: e i t h e r  (1) the  microbial  su r f ac t an t  
induces t h e  r e l ease  and f l o t a t i o n  of bitumen as  a surface s l i c k  or f loa t ing  
d rop le t s ,  o r  (2) t he  microbial  su r f ac t an t  enhances the  ab la t ion  of c lean sand and 
clay p a r t i c l e s  from the  t a r  sand b a l l s ,  r e s u l t i n g  i n  t a r  b a l l s  of increased 
bitumen concentration. The l a t t e r  e f f e c t  was noted and s tud ied  by Imperial  
O i l  (11) and t h e i r  process,  which lacked su r fac t an t s ,  i s  termed sand reduction. 
The f l o t a t i o n  of bitumen i s  given a s  the percent  of t o t a l  bitumen i n  the surface 
f r ac t ion  and the e f f e c t  of sand reduction i s  given a s  the bitumen concentration 
i n  the r e s idua l  tar sand. A l l  of these microbial  su r f ac t an t s  compare favourably 
with the syn the t i c  su r fac t an t s ,  especial ly  i f  one considers t h a t  the syn the t i c  
su r fac t an t s  a r e  pure, while the microbial  su r f ac t an t s  a r e  p re sen t  only as a 
small percentage of t h e  t o t a l  crude ex t r ac t .  

TABLE 5 
TAR SAND SEPARATION BY 0.02% (v/v) WHOLE FERMENTATION BROTH CONTAINING 

MICROBIAL SURFACTANTS 

MICROBE BITUMEN DISTRIBUTION FOLLOWING M W  SHEAR TREATMENT OF TAR SAND 
(SAMPLE 2)  

1 2 3 4 BITUMEN CONCENTRATION I N  4 
1 0.6 96.9 2.1 0.4 17.9 ' 

2 3.7 85.9 10.1 0.3 
3 3.6 95.7 0.6 0.1 
4 2.7 94.5 2.5 0.3 
5 1.3 97.5 0.9 0.3 

Petrostep-A-50 0.0 93.0 0.0 7.0 

17 .O 
34.9 
18.4 
25.7 
15.7 

CONCLUSIONS 

Microbial su r f ac t an t s  provided by hydrocarbon fermentations a r e  e f f ec t ive  
i n  tar sand separat ion by a cold-water process ,  and compare well  with syn the t i c  
su r fac t an t s  i n  t h e i r  a b i l i t y  e i t h e r  t o  cause f l o t a t i o n  of t he  bitumen o r  t o  cause 
ab la t ion  of sand and clay from the  bitumen. The usefulness of these su r fac t an t s  
i n  a solvent-surfactant ,  cold-water ex t r ac t ion  process is under study and 
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preliminary r e s u l t s  i nd ica t e  t h a t  these su r fac t an t s  c a s e  increased y i e l d  i n  a 
laboratory-scale ex t r ac t ion  process .  The su r fac t an t s  have a high a f f i n i t y  fo r  
kerosene-water mixtures,  which may r e s u l t  from bio logica l  s e l e c t i o n  f o r  growth 
i n  such mixtures. 
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Emulsification wi th  
crude surfactant f r o m  
1. Corynebacterium spI  

(aqueous conc., 0.25mglml) 
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BIODEGRADATION OF O I L  RESERVOIRS 

Robert  J. Crawford,  C h r i s t i a n  S p y c k e r e l l e  

and Donald W . S .  West lake 

Departments o f  Chemistry and  Microbiology,  

The U n i v e r s i t y  o f  A l b e r t a ,  Edmonton, A l b e r t a ,  

Canada, T6G 2G2 

The o r i g i n  and h i s t o r y  of t h e  Athabasca and a s s o c i a t e d  

o i l  s a n d s  format ion  is  concerned w i t h  t h e  p o s s i b i l i t y  t h a t  

t h e  o i l  sand bitumen is  t h e  m i c r o b i o l o g i c a l l y  degraded  

r e s i d u e  of c o n v e n t i o n a l  c r u d e  o i l s  r a t h e r  t h a n  t h e  a l t e r n a t i v e  

a n  abnormal d i a g e n e t i c  h i s t o r y  n o t  i n v o l v i n g  m i c r o b i a l  

d e g r a d a t i o n .  M i c r o b i a l  d e g r a d a t i o n  of t h e  o i l  sand bitumen 

s h o u l d  be minimal i f  it is i n  f a c t  t h e  end p r o d u c t  of t h e  

d e g r a d a t i o n  of c o n v e n t i o n a l  c rude  o i l s .  For compara t ive  

purposes  w e  have  s t u d i e d  t h e  e f f e c t  of m i c r o b i o l o g i c a l  

d e g r a d a t i o n  on  s e v e r a l  c o n v e n t i o n a l  pooled  o i l  r e s e r v o i r s  

and on o i l  s a n d  bi tumens.  

The model sys tems employed a t y p i c a l  c o n v e n t i o n a l  

c r u d e  o i l  from Prudhoe Bay, and samples  from t h e  Kumak w e l l  

i n  t h e  MacKenzie d e l t a .  The Kumak samples  are of p a r t i c u l a r  

i n t e r e s t  s ince  p r o d u c t i o n  o c c u r s  from t h r e e  zones a t  A 

(1353 m. ,  49OC), B (2148 m . ,  62OC) and C (2306 m . ,  67OC), 

g e o l o g i c a l l y  t h e s e  samples  are b e l i e v e d  t o  be of  common 
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o r i g i n ,  b u t  t h e  change i n  p h y s i c a l  p r o p e r t i e s  a r e  b e l i e v e d  

t o  be  due t o  b i o d e g r a d a t i o n  (1). 

The microorganisms w e r e  grown u s i n g  minimal sa l ts  

media i n  a g y r a t o r y  shaker  under a e r o b i c  c o n d i t i o n s  a t  3OOC. 

0.2 g t o  1 g of  o i l  w a s  incubated .  The c u l t u r e s  w e r e  o b t a i n e d  

from an enrichment  of S h e l l  Lake (NWT) s o i l  u s i n g  e i t h e r  

Normal W e l l s  or Kumak ( A ,  B or C) c r u d e  o i l s .  From Norman 

Wells enr ichment  t h e  mixed c u l t u r e  c o n t a i n e d  s i x  d i f f e r e n t  

s p e c i e s  based on t h e  type  o f  colony produced.  The m i x t u r e  

c o n s i s t e d  of approximate ly  90% Gram-negative r o d s  and 10% 

Gram-positive coryneform t y p e  rod.  The pure  c u l t u r e  o b t a i n e d  

w a s  t h e  Gram-posi t ive coryneform i s o l a t e d  from t h e  mixed 

c u l t u r e .  From t h e  d i f f e r e n t  Kumak enr ichments  t h e  c u l t u r e s  

o b t a i n e d  w e r e  c h a r a c t e r i z e d  by a n  abundance of pseudomonas 

t y p e  r o d s .  

The p r i n c i p a l  a n a l y t i c a l  method used w a s  a g a s  

chromatography-mass s p e c t r o m e t r y  computer sys tem employing 

m u l t i p l e  i o n  cross s c a n s  ( M I C S ) .  V i s u a l  comparisons between 

MICS of v a r i o u s  samples g i v e s  a n  immediate g r a p h i c  i n d i c a t i o n  

of s imi la r i t i es  and d i f f e r e n c e s .  The o i l  was e x t r a c t e d  from 

t h e  c u l t u r e  medium w i t h  ch loroform,  f i l t e r e d ,  and s e p a r a t e d  

i n t o  t h r e e  major components by a b s o r p t i o n  chromatography on  

S i l i c a  G e l  ( 2 ) .  

Table  1 r e p o r t s  s o m e  o f  t h e  d a t a  on t h e  Kumak samples  

a l o n g  w i t h  o u r  a n a l y s i s  of t h e  p e r c e n t a g e  of s a t u r a t e d ,  aroma- 

t i c  and p o l a r  components c o n t a i n e d  i n  t h e  bi tumens.  The 
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removal o f  n-alkanes from KUMAK C c o n v e r t s  it t o  a sample 

much l i k e  t h a t  o f  KUMAK A i n  t e r m s  o f  i ts p h y s i c a l  p r o p e r t i e s .  

This , suppor ts  t h e  h y p o t h e s i s  o f  Burns e t  a l .  (1) t h a t  t h e  

o i l  from t h e  s h a l l o w e s t  zone h a s  been s u b j e c t e d  t o  bio-  

d e g r a d a t i o n .  The gc-ms p a t t e r n s  f o r  t h e  samples  o f  b io-  

degraded m a t e r i a l  from t h e  deeper  zones (KUMAK B and C )  

s t r o n g l y  resembled t h o s e  f o r  A. 

W e  t h e n  examined samples  o f  a Prudhoe Bay (PB) c r u d e  

f o r  comparison w i t h  Lower Cre taceous  pooled  o i l s  such  as 

B e l l s h i l l  Lake ( B H )  and Lloydminster  ( L l )  a l o n g  w i t h  o i l  

sand  bi tumens from t h e  Cold Lake (CL), Peace R i v e r  (PR) and 

Athabasca o i l  sands .  The a n a l y t i c a l  d a t a  from t h e s e  samples  

are p r e s e n t e d  g r a p h i c a l l y  i n  F i g u r e  1. 

The gc-ms r e v e a l  close s i m i l a r i t i e s  between t h e  b io-  

d e g r a d a t i o n  p r o d u c t s  of t h e  o i l  from Prudhoe Bay and the 

o i l  sands and heavy o i l s  o f  A l b e r t a .  W e  are n o t  p o s t u l a t i n g  

a common s o u r c e  f o r  a l l  of t h e s e  o i l s ,  a l t h o u g h  t h e y  probably  

s h a r e  a s i m i l a r  o r i g i n  and d i a g e n e t i c  h i s t o r y .  These r e s u l t s  

do n o t  g i v e  a d i r e c t  i n d i c a t i o n  as t o  t h e  m a t u r i t y  and thermal  

h i s t o r y  o f  t h e  A l b e r t a  o i l  sands  b u t  t h e y  do s u p p o r t  t h e  

h y p o t h e s i s  t h a t  t h e  o i l  s a n d s ,  and some c o n v e n t i o n a l  c r u d e  

o i l s  found i n  t h e  r e s e r v o i r s  o f  t h e  Lower Cre taceous  forma- 

t i o n  o f  A l b e r t a  s h a r e  a common o r i g i n  and are r e l a t e d  by 

t h e i r  d e g r e e s  o f  b i o d e g r a d a t i o n .  

1. B . J .  Burns, J . T . C .  Hogarth and C.W.D. Mi lner ,  Bull. E. 
P e t .  G&., 23, 295 ( 1 9 7 5 ) .  

and D.W.S. West lake,  t o  be  p u b l i s h e d .  

- -  - 
2. I .  R u b i n s t e i n ,  O.P. S t r a u s z ,  C .  S p y c k e r e l l e ,  R . J .  Crawford 
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A. Sieve adduct E .  Urea adduct 

C. Thiourea adduct  D .  Thiourea nonadduct 
Sa tu ra t ed  f r a c t i o n  

E. Aromatic f r ac t io r .  

F 

B 

Pola r  f r a c t i o n  

C 

PB PB168 BH BHbd L I  Llbd C L  PR PRbd At 

Figure 1. Gravimetr ic  a n a l y s e s  of t h e  Prudhoe Bay o i l s  and. 

t h e  Albe r t a  o i l s  and bitumens.  
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AROMATIC HYDROCARBONS: DEGRADATION BY BACTERIA AND FUNGI. 

Carl E. Cerniglia 

and 

David T. Gibson 

Department of Microbiology 
The University of Texas at Austin 

Austin, Texas 78712 

The decline in the supply of natural oil and gas reserves over the 

past 10 years has caused the Western Hemisphere to import huge volumes 

of petroleum and petroleum products. 

in maintaining a petroleum based industrial economy alternative sources 

of energy will have to be found and developed. 

If the Western Hemisphere persists 

Oil Shale 

One alternative source of energy is the extraction of the organic 

components of oil shale to yield oil and gas. 

shale deposits occur throughout the United States.. The release of the 

energy yielding organic fraction from oil shale has been brought about 

by retorting the oil shale at temperatures above 500° C and distillating 

the organic material. 

in the form of spent oil shale ash. A part of this oil shale ash con- 

sists of polycyclic aromatic hydrocarbon derivatives such as benzo[al- 

anthracene, dibenzo[a,h]anthracene, benzo[a]pyrene and 3-methylcholanthrene. 

These aromatic hydrocarbons can be metabolized by mannnals and have been 

implicated in chemical carcinogenesis. 

Numerous organic rich 

This pyrolytic process also generates solid waste 

It is h o r n  that aromatic hydrocarbons are formed by pyrolytic pro- 

cesses. 

ture of formation. 

petroleum formation produce a diverse array of aromatic structures. 

The types of compounds that are produced depends on the tempera- 

Thus, the low temperatures that are associated with 

A 
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predominant feature of t h i s  group of compounds is the presence of alkyl 

substituents. In contrast ,  pyrolysis a t  high temperatures leads t o  the 

formation of unsubstituted aromatic hydrocarbons. 

Fate i n  the Environment 

Crude petroleum i s  introduced into the environment by natural  means 

(o i l  seeps) o r  by the a c t i v i t i e s  of man. 

include evaporation of vo la t i l e  components, dissolution, photochemical 

and biological degradation. 

s t ra ted  with respect t o  the l inear  and branched alkane components of 

petroleum. 

Factors tha t  a f f ec t  the o i l  

The l a t t e r  process has been anply demon- 

For many years it has been t a c i t l y  assumed tha t  crude petroleum i n  

the reservoirs is immune t o  microbial attack. However, recent studies 

have shown tha t  under appropriate conditions extensive degradation can 

occur. 

in  the formation of tar sands. 

I t  is possible tha t  microbial ac t iv i t i e s  play a significant role 

L i t t l e  is known about the microbial degradation of the  aromatic con- 

s t i tuents  of petroleum. 

numbers of d i f fe ren t  s t ruc tures  that are known t o  be present. Neverthe- 

less, studies with re la t ive ly  simple aromatic hydrocarbons have revealed 

general features of biodegradation tha t  may be used t o  predict  the f a t e  

of more complex molecules. 

This is not surprising i n  l igh t  of the immense 

Microbial Degradation 

O i l  pollutants a re  recycled i n  nature by the metabolic ac t iv i t i e s  of 

microorganisms. 

t e r i a l  species, filamentous fungi and yeasts tha t  degrade hydrocarbons. 

The rate of degradation of crude o i l  i s  markedly influenced by a range 

The environment contains a wide range of different bac- 
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of environmental conditions. Some of the more significant factors are 

organism availability, nutrient availability, oxygen, temperature, and 

type of petroleum. 

There is a specificity of the utilization of individual hydrocarbons 

by different microorganisms depending upon the enzyme repertoire of the 

organisms involved and the molecular conjugation of the hydrocarbon. 

It has been demonstrated that hydrocarbon-utilizing bacteria have a 

preference for long chain aliphatic hydrocarbons. 

containing 10-18 carbon atoms are assimilated with the greatest frequency 

and rapidity. Branched chain alkanes, monocyclic substrates and aromatic 

compounds are utilized least frequently. 

Straight chain n-alkanes 

Crude oil contains thousands of aromatic hydrocarbons and related 

compounds. 

of metabolism by microorganisms and higher forms of life. 

it now appears that certain general features of degradation have emerged 

which distinguish the mechanisms used by procaryotes and eucaryotes to 

degrade the benzenoid nucleus. 

Relatively few of these molecules have been studied in terms 

Nevertheless 

Mamnalian Metabolism 

It has been well documented that mammals metabolize aromatic hydro- 

carbons via the oxidative formation of arene oxides. This reaction is 

catalyzed by a monooxygenase and is characterized by the incorporation 

of one atom of molecular oxygen into the hydrocarbon substrate. 

enzyme system involved in this hydroxylation is membrane bound and func- 

tions as a multicomponent electron transport system for a variety of 

endogenous substrates. It has an absolute requirement for NADPH and 

The 

molecular oxygen and is also hown as microsomal hydroxylase, or a mixed 

function oxidase. 
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-1s metabolize naphthalene to form naphthalene 1,Z-oxide. 

1,Z-naphthalene oxide formed can spontaneously isomerize to 1-naphthol 

by a reaction that has been termed the NIH shift. 

1,Z-naphthalene oxide can undergo enzymatic hydration by the enzyme 

epoxide hydrase to yield trans-1,2-dihydroxy-l,Z-dihj~dronaphthalene 

(trans naphthalene dihydrodiol). 

oxide is conjugation both spontaneously and by enzymatic catalysis with 

glutathione which leads to the formation of mercapturic acids. 

The 

Alternatively, the 

Another reaction of the naphthalene 

Bacterial Metabolism 

Until recently bacteria were thought to metabolize aromatic hydro- 

carbons through trans -dihydrodiols . 
implicated cis-3,5-cyclohexadiene-l,Z-diol (cis-benzene diol) as an 

intermediate in the oxidation of benzene by Pseudomonas putida. 

teria incorporate two atoms of molecular oxygen into aromatic hydrocarbons 

to form cis-dinydrodiols. 

intermediates in the bacterial metabolism of a variety of aromatic hydro- 

carbons and related compounds. 

are the substrates for enzymatic fission of the aromatic ring. 

putida and Pseudomonas species NCIB 9318 form cis-1,Z-dihydroxy-1,Z-dihydro- 

naphthalene (cis-naphthalene dihydrodiol) when grown in the presence of 

naphthalene. This reaction is a prerequisite for subsequent fission of 

the aromatic nucleus. 

Investigations in our laboratory 

Bac- 

cis-Dihydrodiols have now been implicated as 

Further oxidation yields catechols which 

Pseudomonas 

Fungal Metabolism 

There have been several studies on the metabolism of aromatic hydro- 

carbons by fungi. These investigations suggest a biochemical relatedness 

between fungal and mammalian liver microsomes towards the monooxygenation 

of aromatic substrates. 
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Tie fungi used i n  t h i s  study were isolated by enrichment culture 

technique. 

along the coast of North Carolina and placed i n  a crystal l izat ion dish. 

Crude o i l  was added t o  the water surface and the dishes were incubated 

for  3-4 weeks a t  25O C. 

moved and streaked on well plates .  The well p la te  procedure was de- 

veloped as a method for  adding hydrophobic substrates to  agar plates  

in a way tha t  growth could readily be observed. 

nated and several different  genera of fungi were isolated. 

Soil and water samples were obtained form l i t t o r a l  areas 

After t h i s  incubation period, samples were re- 

Fungal growth predomi- 

The fungus used throughout t h i s  report was identified and charac- 

terized as CunninghameZZa elegans, a t e r r e s t i a l  phycomycete. 

This organism can u t i l i z e  a wide variety of paraff inic  and mixed 

base crude o i l  as sole  source of carbon and energy. 

C. eZegans can u t i l i z e  naphthalene, a l l  alkanes tes ted from C3 through 

C32, a wide variety of long chain alkenes, ketones and f a t t y  acids as 

sole source of carbon and energy. 

In addition, 

Cells of CunninghameZZa eZegans were incubated with naphthalene fo r  

24 hours. 

t r a t e  extracted with three volumes of ethyl acetate. 

atographic analysis of the culture f i l t r a t e  revealed the presence of s i x  

transformation products. 

gave a character is t ic  color with Gibb's reagent. 

that  the products were indeed derived from naphthalene the experiment 

was repeated with I4C-naphthalene. Six radioactive products were ob- 

served that  corresponded to the metabolites located on thin layer chrom- 

atograms by Gibb's reagent. 

After 24 hours the mycelia was f i l t e r e d  and the culture f i l -  

Thin layer chrom- 

Each product absorbed ul t raviolet  l igh t  and 

I n  order to  ascertain 
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To isolate the transformation products C. eZegans was grown in 

the presence of 4 liters of dextrose broth in the presence of 2 grams 

of naphthalene. 

ethyl acetate. 

that was applied to a deactivated silica gel column (20% water). The 

column was eluted with chloroform and 20 ml fractions were collected. 

After 30 fractions had been collected the eluting solvent was changed 

to ch1orofonn:methanol (99:l). Products eluting from the column were 

detected by thin layer chromatography in solvent A (ch1oroform:acetone 

80 : 20). 

After 24 hours the culture filtrate was extracted with 

Removal of the solvent gave 1.54  gram of a brown solid 

The residue obtained from fractions 5-8 was recrystallized to leave 

37 mg of yellow needles. 

mixture gave 15 mg of pure 1,4-naphthoquinone and approximately 1 mg 

of 1,Z-naphthoquinone. 

melting point, infrared, proton magnetic resonance, mass and ultraviolet 

spectra to those given by a freshly sublimed sample of synthetic 1,4- 

naphthoquinone. 

sorption spectrum and melting point to that given by authentic 1 , Z -  

naphthoquinone. The residue from fractions 9-17 was sublimed under 

vacuum at 50° C for 4 hours. 

in the form of  needle-shaped white crystals that melted at 96-98O C. 

This melting point was not depressed on admixture with a pure sample of 

synthetic 1-naphthol. 

preparative thin layer chromatography. 

Preparative thin layer chromatograhy of the 

The isolated 1,4-naphthoquinone gave identical 

The isolated 1,2-naphthoquinone gave an identical ab- 

The sublimed product ,(776 mg) was obtained 

Also  2-naphthol was obtained in pure form by 

In order to ascertain the ratio of 1- to 2-naphthol produced by 

C. elegans a crude sample of the transformation products was treated 

with trifluoroacetic anhydride and analyzed by gas chromatograhy. 

ratio was found to be 96:4 (1-naphthol: 2-naphthol). 

The 
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Fractions 18-27 were pooled and the solvent removed to leave 297 mg 

of a yellow oil. 

and applied to a column of neutral alumina. 

chloroform and 5 m l  fractions were collected. 

pooled and removal of solvent gave 265 mg of a yellow oil. 

was chromatographed and showed the presence of a single compound (Rf,  0.38). 

The infrared, proton magnetic resonance, mass and ultraviolet spectra es- 

tablished the structure of the compound as 4-hydroxy-1-tetralone. Addi- 

tional evidence was provided by treating this compound with chromic acid. 

The oil was dissolved in a small volume of chloroform 

The column was eluted with 

Fractions 3-10 were 

This material 

The resulting oxidation product gave an identical ultraviolet absorption 

spectrum and was chromatographically identical to synthetic 1,4-naphtho- 

quinone. 

The residue obtained from fractions 45-64 was recyrstallized from 

petroleum ether. 

melted at 104-105° C. 

with a pure sample of synthetic trans-l,2-dihydroxy-l,2-dihydronaphthalene. 

In addition acid catalyzed dehydration (6N HC1, looo C ,  15 min) of the 

dihydrodiol produced material with the ultraviolet spectrum and chromato- 

graphic properties of 1-naphthol. 

Two recrystallizations gave 63 mg of white needles that 

This melting point was not depressed on admixture 

High pressure liquid chromatography was employed to separate and 

quantitate each metabolite produced from naphthalene by C. eZegans. 

The major metabolites were 1-naphthol (67.9%) and 4-hydroxy-1-tetralone 

(16.7%). Minor products isolated were 1,4-naphthoquinone (2.8%), 1,2- 

naphthoquinone (0.2%), 2-naphthol (6.3%) and trans-l,2-dihydroxy-1,2- 

dihydronaphthalene (5.3%). 

Centrifugation studies on mycelia extracts of C. elegans indicated 

that naphthalene hydroxylase activity was located in the 10,000 x g 

supernatant fraction. High speed centrifugation (100,000 x g for 1 hr) 
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of the 10,000 x g supernatant yielded a p e l l e t  with 95% of the naph- 

thalene hydroxylase ac t iv i ty .  

somal hydroxylation of naphthalene were trans-l,Z-dihydroxy-l,Z- 

dihydronaphthalene, 1-naphthol and 2-naphthol. The amount of naphth- 

thalene hydroxylase a c t i v i t y  remaining i n  the 100,000 x g supernatant 

varied from 1-5% but was generally very low. The microsomal hydroxy- 

la t ion o f  naphthalene by C. eZegans was found t o  specif ical ly  require 

NADPH. 

ac t iv i ty  was observed. 

monoxide, SI<F-S25A, and metapyrone implicating that naphthalene hydroxy- 

la t ion i n  C. eZegans may involve a factor  similar to  cytochrome P-450. 

Tinese resu l t s  were fur ther  supported by the lack of inhibition when 

treated with cyanide ions. 

The metabolites formed from the micro- 

men NADH was substituted as a source of reducing power no 

The enzyme system was inhibited by carbon 

The data presented in  t h i s  paper indicates tha t  the fungus C. eZegans 

metabolizes naphthalene s imilar  t o  monooxygenases of hepatic microsomes. 

There i s  re la t ively l i t t l e  information on the microbial degradation of 

aromatic hydrocarbons when the  molecules are  present as constituents of 

crude o i l .  

cribed do occur when microorganisms interact  with o i l  in  the environment. 

Nevertheless it is  possible that the types of reactions des- 
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TOTAL YIELDS FROM HEATED O I L  SANDS 
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Universi ty  o f  Toronto 
I n s t i t u t e  f o r  Aerospace Studies  

4925 Dufferin S t .  
Downsview, Ontario 

M3H 5T6 

There i s  a t  present  considerable i n t e r e s t  i n  dry processes f o r  t h e  ex t r ac t ion  
The Lurgi Ruhrgas process i s  perhaps t h e  o f  bitumen from t h e  Athabasca o i l  sands. 

bes t  known example of t h i s  general  technique. 

In order t o  inves t iga t e  t h e  y i e l d  of v o l a t i l e  mater ia l  from t a r  sand samples 
under a va r i e ty  of condi t ions,  a heated e l e c t r i c a l  g r i d  apparatus was constructed,  
b a s i c a l l y  s imi l a r  t o  t h a t  used elsewherel f o r  work with coal  samples. 
m i t s  t h e  heating of small (ca. 20 mg.) samples of o i l  sand t o  900°C a t  r a t e s  up t o  
104 K/sec. 
and 100 atm. 
which i s  heated by a low vol tage D.C. c i r c u i t .  
thermocouple i n  contact with t h e  mesh. 
with a high speed chart  recorder.  

EXPERIMENTAL 

This per- 

The pressure of t h e  surrounding gas is va r i ab le  between 10 microns Hg 
Samples a r e  supported and contained by f i n e  s t a i n l e s s  s t e e l  mesh, 

The temperature i s  measured with a 
Temperature/time p r o f i l e s  a r e  recorded 

Gravimetric measurement of sample weight changes en ta i l ed  t h e  weighing of t h e  
sample with i t s  supporting mesh. Hence it was important t o  ensure t h a t  t h i s  did 
no t  change i n  weight on heating. T r i a l  runs i n  t h e  absence of a sample indicated 
t h a t  hydrogen and helium atmospheres were consis tent  with t h i s  condi t ion,  but  t h a t  
carbon dioxide and a i r  were no t .  
gravimetric measurement of t h e  burning of bitumen from the  o i l  sand, which would 
have provided a valuable  comparison with pyrolysis  and ana ly t i ca l  r e s u l t s .  

The l a t t e r  exclusion unfortunately precluded 

Further e r r o r s  i n  measurements could a r i s e  from two phenomena concerning t h e  
o i l  sand i t s e l f .  The f i rs t  o f  these - t h e  oxidation o f  bitumen by oxygen impurity 
i n  the  gas,  was avoided by t h e  use of u l t r a  high p u r i t y  gases (hydrogen and helium). 
The second - "sputtering" of t h e  heated sample through t h e  mesh of its support  was 
eliminated by using s t a i n l e s s  s t e e l  f o i l  a s  t he  support .  Total  weight l o s s  was 
not  affected by t h i s  change, although no s o l i d  o r  l i qu id  mater ia l  could escape. 
The use of two fo lds  of mesh was found t o  contain s o l i d s  and l i qu ids ,  while allow- 
ing comparatively f r e e  t r a n s i t  of gases.  

SLOW PYROLYSIS 

After t h e  checks described above, a s e r i e s  of heat ing runs was made on samples 
of o i l  sand. 
indicated 13.8% bitumen, 1.8% water (84.4% sand).  

A p r i o r  ana lys i s  of t h i s  o i l  sand, by i t s  supplying laboratory,  had 

Temperatures up t o  a maximum of 660'C were reached i n  t h i s  s e r i e s  of runs.  
One minute was taken t o  reach t h e  maximum temperature i n  any given runs,  which was 
held f o r  a f u r t h e r  two minutes. The surrounding gas was helium a t  one atmosphere. 

I t  may be seen t h a t  t h e  r e l a t i o n -  Figure 1 shows t h e  r e s u l t s  of 37 such runs.  
sh ip  between temperature and weight l o s s  i s  approximately l i n e a r ,  though with con- 
s ide rab le  s c a t t e r ,  up t o  a temperature of about 5OO0C, where a maximum i s  approached. 
This maximum is about 13%, which may be compared with t h e  nominal t o t a l  bitumen 
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and water content of 15.6% by ana lys i s .  

A s t r a i g h t  l i n e  which represents  a l e a s t  squares f i t  t o  t he  27 da ta  poin ts  
f o r  which T i s  l e s s  than 500°C has been drawn i n  Figure 1. 
parison with da ta  from o the r  experiments. 

This i s  used f o r  com- 

EFFECT OF HEATING RATE 

Series of  experiments were ca r r i ed  out f o r  heating r a t e s  of  50 K/sec and 
1000 K/sec. These were under t h e  same gas conditions a s  t he  slow pyro lys is  ex- 
periment, and a l s o  had t h e  same residence time at  t h e  maximum temperature (2 min- 
u t e s ) .  Figure 2 shows t h e  r e s u l t s  of these  runs, compared with the  s t r a i g h t  l i n e  
f i t  f o r  Figure 1. 

I t  may be seen t h a t  t hese  d a t a  a r e  not  s ign i f i can t ly  d i f f e r e n t  from those in  
Figure 1. 

EFFECT OF REDUCED PRESSURE 

A number of runs were ca r r i ed  out i n  helium a t  lower than atmospheric press- 
ure .  Pressures of 400 t o r r ,  200 t o r r  and 7.6 t o r r  were used, without any appre- 
c i a b l e  e f f ec t  on t h e  amount of sample v o l a t i l i z e d .  

EFFECT OF VERY HIGH TEMPERATURES AND OF TIME AT MAXIMUM TEMPERATURE 

A small number of  runs were ca r r i ed  out i n  which the  samples were r ap id ly  
(1000 K/sec.) heated t o  temperatures well above those used i n  previous runs. 

% Weight Loss 

760'C 12.9 
910°C 12.8 
950°C 12.8 

These are a l l  within experimental e r r o r  of the  lo s s  a t ta ined  a t  about 5OO0C. 

A s e r i e s  of  experiments a t  510°C, i n  which the  time the  sample spent a t  510'C 
was varied showed t h a t  r eac t ion  was a t  l e a s t  90% complete a t  1 second, and ap- 
proaching completion by 15 seconds. 
no e f f ec t .  

Heating f o r  severa l  minutes beyond t h i s  had 

PYROLYSIS I N  HYDROGEN 

Pyrolysis of t he  o i l  sand i n  a hydrogen atmosphere was car r ied  out a t  p ress -  
u re s  of 1, 30 and 100 atm. 
atm were noted, except in  t h e  case  of 100 a t m  pressure.  Here t h e  weight l o s s  of 
t h e  sample was increased by about 1 - 1-1/2% over t h e  slow pyro lys is  case.  
elsewhere, the  r a t e  o f  heat ing  appeared t o  be i r r e l evan t  t o  weight loss.  

No g rea t  d i f fe rence  from the  r e s u l t s  in  helium a t  1 

As 

The quant i ty  of high p u r i t y  hydrogen required f o r  each run at  100 atm unfor- 
t una te ly  precluded extensive inves t iga t ion  of reac t ion  a t  t h i s  pressure.  

HELIUM AT HIGH PRESSURE 

Helium, a t  pressures up t o  100 atm was a l s o  used f o r  a number o f  runs.  In 
t h i s  case, the  pressure  had a d i s t i n c t  lowering e f f ec t  on the  weight l o s s  of  t h e  
sample. Again, r a t e  of  hea t ing  showed no appreciable e f f e c t .  

Figure 3 shows t h e  da t a  f o r  both hydrogen and helium high pressure  work. A l l  
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runs were t o  5OO0C. 

COMPOSITION OF VOLATILIZED MATERIAL 

The experimental work described here  provided l i t t l e  opportunity t o  inves t i -  
ga te  t h e  products of reac t ion .  However, evacuation of t h e  r eac t ion  vesse l  t o  100 
microns before heating t h e  sample allowed measurement of t h e  gas pressure  r e s u l t -  
ing from reac t ion .  Pressure increases  of t h e  order of 100 microns were recorded, 
but these  were cons i s t en t ly  higher f o r  slower than f o r  f a s t e r  hea t ing  r a t e s .  This 
implies t h a t  t he  mater ia l  v o l a t i l i z e d  has a g rea t e r  l iqu id /gas  r a t i o  when rap id  
heating i s  used. 

SUMMARY 

About 12.9% of  t h e  weight of  the  supplied o i l  sand is v o l a t i l i z e d  by hea t ing  
t o  500°C. 
e f f ec t  on t h i s  f i gu re .  
implies about 80% y ie ld  of bitumen as  o i l  and gas.  
g rea t e r  f o r  higher heating r a t e s .  

Rapid hea t ing ,  higher temperatures,  and prolonged hea t ing  have l i t t l e  
I f  t he  o r ig ina l  ana lys i s  f i gu res  a r e  t o  be t ru s t ed ,  t h i s  

The o i l / g a s  r a t i o  is probably 

High pressures  of i n e r t  gas reduce the  y i e l d ,  while h igh 'p re s su re  hydrogen 
increases  i t .  
lyzed res idues  t o  provide a check on the  f a t e  of t h e  bitumen which is not  vola- 
t i l i z e d .  
paratory s tages .  

Work i n  hand on t h i s  system includes carbon analyses on the  pyro- 

A gas chromatographic study of, t he  v o l a t i l i z e d  ma te r i a l  is i n  the  pre- 
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